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(57) ABSTRACT

Techniques are disclosed for generating codes for represen-
tation of data in memory devices that may avoid the block
erasure operation in changing data values. Data values
comprising binary digits (bits) can be encoded and decoded
using the generated codes, referred to as codewords, such
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that the codewords may comprise a block erasure-avoiding
code, in which the binary digits of a data message m can be
encoded such that the encoded data message can be stored
into multiple memory cells of a data device and, once a
memory cell value is changed from a first logic value to a
second logic value, the value of the memory cell may remain
at the second logic value, regardless of subsequently
received messages, until a block erasure operation on the
memory cell. Similarly, a received data message comprising
an input codeword, in which source data values of multiple
binary digits have been encoded with the disclosed block
erasure-avoiding code, can be decoded in the data device to
recover an estimated source data message.
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ASYMMETRIC ERROR CORRECTION AND
FLASH-MEMORY REWRITING USING
POLAR CODES

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of International Appli-
cation Ser. No. PCT/US2015/011430, filed on Jan. 14, 2015,
entitled, “ASYMMETRIC ERROR CORRECTION AND
FLASH-MEMORY REWRITING USING POLAR
CODES”, claims the benefit under 35 U.S.C. § 119(e) of
U.S. Provisional Application Ser. No. 61/928,749 filed Jan.
17, 2014 entitled “POLAR CODING FOR NOISY WRITE-
ONCE MEMORIES”, and claims the benefit under 35
U.S.C. § 119(e) of U.S. Provisional Application Ser. No.
62/018,434 filed Jun. 27, 2014 entitled “POLAR CODING
FOR NOISY WRITE-ONCE MEMORIES” which are
incorporated herein by reference in their entirety for all
purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

This invention was made with government support under
Grant No. CIF1218005, Grant No. CCF1017632, Grant No.
CCF1161774, Grant No. CCF1320785, and Grant No.
CCF0747415 awarded by the National Science Foundation
and under Grant No. 2010075 awarded by the US-Israel
Binational Science Foundation. The government has certain
rights in the invention.

BACKGROUND

Unless otherwise indicated herein, the materials described
in this section are not prior art to the claims in this appli-
cation and are not admitted to be prior art by inclusion in this
section. The present disclosure relates generally to data
storage devices, and to systems and methods for such
devices. In various examples, data modulation techniques in
data storage devices such as flash memory devices are
described.

Flash memories are one type of electronic non-volatile
memories (NVMs), accounting for nearly 90% of the present
NVM market. Today, billions of flash memories are used in
mobile, embedded, and mass-storage systems, mainly
because of their high performance and physical durability.
Example applications of flash memories include cell phones,
digital cameras, USB flash drives, computers, sensors, and
many more. Flash memories are now sometimes used to
replace magnetic disks as hard disks.

A flash memory device includes memory cells that are
capable of storing a voltage charge, either a memory cell
level of logic “1” or a memory cell level of logic “0”. That
is, the cell voltage level corresponds to a logic level, or
numeric representation of a binary digit. Changing the cell
level (e.g., changing the cell voltage charge) changes the
stored binary digit value. A limitation of conventional flash
memories is the high cost of changing a cell voltage level
from a first logic level to a second logic level, such as from
logic “1” to logic “0”. To perform such a change, a “block
erasure” operation is performed. Block erasures are typically
performed when the data value in a cell or group of cells is
changed to represent new values. The block erasure is
relatively expensive in terms of resource utilization, such as
time and electrical power to perform the block erasure.
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2

Operation of flash memory devices would be more efficient
if such block erasure resource demands were reduced.

SUMMARY

Disclosed are techniques for generating codes for repre-
sentation of data values in data devices that avoid the block
erasure operation in changing data values. More particularly,
data values comprising binary digits (bits) can be encoded
and decoded using data representation codes, referred to as
codewords, such that the codewords comprise a block era-
sure-avoiding code. As described herein, a block erasure-
avoiding code may be a code in which the binary digits of
a data message m can be encoded such that the encoded data
message can be stored into multiple memory cells of a data
device and, once a memory cell value is changed from a first
logic value to a second logic value, the value of the memory
cell may remain at the second logic value, regardless of
subsequently received messages, until a block erasure opera-
tion on the memory cell. More particularly, the codewords
may be configured for representation by multiple cells of a
memory device such that, once a cell value is changed from
logic “0” to logic “1”, the value of that cell may remain at
logic “1”, even if the corresponding stored data value is
changed. This may avoid or otherwise reduce the need for
block erasure for changing data values represented by the
disclosed codewords. Similarly, a received data message
comprising an input codeword, in which source data values
of multiple binary digits have been encoded with the dis-
closed block erasure-avoiding code, can be decoded in the
data device to recover an estimated source data message.
Thus, a data message m can be received at a data device over
a communications channel and can be processed in the
device for encoding such that the binary digits of the
message m represent a codeword of a block erasure-avoid-
ing code, and a data message comprising an encoded plu-
rality of binary digits can be decoded to recover the original
source data binary digits.

The presently disclosed techniques are well-suited to the
single-level cell (SLC) type of memory device, which is a
type of memory cell that stores one of two cell charge levels,
corresponding to logic “0” and logic “1”. One example of a
SLC memory device in accordance with this disclosure may
receive a message over a communications channel and may
encode the binary digits that make up the message, or the
memory device may receive a codeword over the commu-
nications channel and may generate an estimated decoded
codeword, to recover the original message. The disclosed
techniques also work well with the multi-level cell (MLC)
type of memory device, which is a type of device that
utilizes memory cells that store multiple charge levels,
typically four or eight charge levels.

Various examples describe efficient coding schemes that
may include two communication settings: (1) an asymmetric
channel setting, and (2) a channel with informed encoder
setting. These communication settings may be utilized in
non-volatile memories, as well as optical and broadcast
communication. The present disclosure describes coding
schemes that may be based on non-linear polar codes, where
the described coding schemes may improve the performance
of systems and devices that employ the above described
communication setting topologies.

In the discussion below, it is shown that the block
erasure-avoiding codes disclosed herein provide codewords
that enable the data bit transfer rate of the communications
channel over which the data messages are transmitted to be
maximized or otherwise increased for the channel capacity.
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That is, the disclosed block erasure-avoiding codes may
provide the property of a code in which the binary digits of
a data message m can be encoded such that the encoded data
message can be stored into multiple memory cells of a data
device and, once a memory cell value is changed from a first
logic value to a second logic value, the value of the memory
cell may remain at the second logic value, regardless of
subsequently received messages, until a block erasure opera-
tion on the memory cell, but in addition, the disclosed block
erasure-avoiding codes may be codes that enable data trans-
fer over the communications channel to be at a maximum or
otherwise increased channel capacity of the communications
channel.

The foregoing summary is illustrative only and is not
intended to be in any way limiting. In addition to the
illustrative aspects, embodiments, techniques, systems,
methods of operating, and features described above, further
aspects, embodiments, techniques, systems, methods of
operating, and features will become apparent by reference to
the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features of this disclosure will
become more fully apparent from the following description
and appended claims, taken in conjunction with the accom-
panying drawings. Understanding that these drawings depict
only several embodiments in accordance with the disclosure
and are, therefore, not to be considered limiting of its scope,
the disclosure will be described with additional specificity
and detail through use of the accompanying drawings, all of
which are arranged according to at least some embodiments
presented herein.

FIG. 1 is a flow diagram that illustrates operations that
may be performed in a memory device constructed accord-
ing to various examples for encoding a data message as
disclosed herein.

FIG. 2 is a flow diagram that illustrates operations that
may be performed in a memory device constructed accord-
ing to various examples for decoding a data message as
disclosed herein.

FIG. 3 is a flow diagram that illustrates operations that
may be performed in a memory device constructed accord-
ing to various examples for encoding a data message as
disclosed herein.

FIG. 4 is a flow diagram that illustrates operations that
may be performed in a memory device constructed accord-
ing to various examples for decoding a data message as
disclosed herein.

FIG. 5 is a flow diagram that illustrates operations that
may be performed in a memory device constructed accord-
ing to various examples for encoding a data message as
disclosed herein.

FIG. 6 is a flow diagram that illustrates operations that
may be performed in a memory device constructed accord-
ing to various examples for decoding a data message as
disclosed herein.

FIG. 7 is an illustration of an example of a memory device
constructed in accordance with the presently disclosed tech-
nology.

FIG. 8 is a block diagram of an example computer
apparatus to perform the operations of FIGS. 1-6 for com-
municating with a memory device such as depicted in FIG.
7.
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FIG. 9 is a block diagram that shows data flow in an
example memory device that operates according to various
schemes described herein.

DETAILED DESCRIPTION

The contents of this Detailed Description are organized
under the following headings:
1. Introduction
A. Error Correcting Codes and Flash Memories
B. Relation to Previous Work
II. Asymmetric Point-to-Point Channels
II1. Channels with Non-Causal Encoder State Information
A. Special Cases
B. Multicoding Construction for Degraded Channels
C. Multicoding Construction Without Degradation
IV. Example Embodiments
Appendix A (proof of Theorem 6)
Appendix B (proof of Lemma 6a)
Appendix C (proof of Theorem 7)

1. Introduction

In the discussion below, error-correcting codes and flash
memories are described generally, in this “Introduction”
section. Section II, Asymmetric Point-to-Point Channels,
considers asymmetric communications channels, in which
codes for encoding and decoding data values accommodate
the non-uniform input distribution of such communications
channels. The parameters for a channel capacity-achieving
code are discussed, and a code generating technique for such
channels, referred to as “Construction A”, is described. The
derivation of the channel capacity-achieving code is
explained in terms of known channel coding theorems (such
as the Channel Coding Theorem and the Polarization Theo-
rem) and Bhattacharyya parameters. In Section III, Channels
with Non-Causal Encoder State Information, different chan-
nel capacity-achieving codes are described for use with
communications channels for which channel state informa-
tion is available. Such codes may be suited to the flash
memory context, in which block erasure operations may be
resource intensive and are to be avoided or reduced. Two
particular code generating techniques are discussed for
communications channels with channel state information,
techniques referred to as “Construction B” and “Construc-
tion C” for convenience. In Section III, theorems and
definitions in addition to those in Section II are used to
derive the disclosed channel capacity-achieving codes. Sec-
tion IV, Example Embodiments, discusses implementations
of hardware and software that can carry out the techniques
for encoding and decoding according to the description
herein, including the Construction A, Construction B, and
Construction C techniques.

A. Error Correcting Codes and Flash Memories

Asymmetric channel coding may be useful in various
applications such as non-volatile memories, where the elec-
trical mechanisms may be dominantly asymmetric (see, e.g.,
Y. Cassuto, M. Schwartz, V. Bohossian, and J. Bruck,
“Codes For Asymmetric Limited-Magnitude Errors With
Application To Multilevel Flash Memories”, IEEE Trans.
On Information Theory, Vol. 56, No. 4, pp. 1582-1595, April
2010). Asymmetric channel coding may also be useful in
optical communications, where photons may fail to be
detected (1—=0) while the creation of spurious photons
(0—1) may not be possible. Channel coding with informed
encoder may also be useful for non-volatile memories, since
the memory state in these devices may affect the fate of
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writing attempts. Channel coding with informed encoder
may also be useful in broadcast communications, where
channel coding may be used in the Marton’s coding scheme
to achieves high communication rates.

Various technical discussions in the present application
may pertain to polar coding techniques. Polar coding tech-
niques may be both highly efficient in terms of communi-
cation rate and computational complexity, and may be
relatively easy to analyze and understand. Polar codes were
introduced by Arikan (see, e.g., E. Arikan, “Channel Polar-
ization: A Method For Constructing Capacity-Achieving
Codes For Symmetric Binary-Input Memoryless Channels”,
IEEE Trans. on Information Theory, Vol. 55, No. 7, pp.
3051-3073, July 2009), achieving the symmetric capacity of
binary-input memoryless channels.

Several polar coding schemes for asymmetric channels
were proposed recently, including a pre-mapping using
Gallager’s scheme (R. G. Gallager, Information Theory and
Reliable Communication, Wiley, 1968, p. 208) and a con-
catenation of two polar codes (D. Sutter, J. Renes, F. Dupuis,
and R. Renner, “Achieving The Capacity Of Any DMC
Using Only Polar Codes”, in Information Theory Workshop
(ITW), 2012 IEEE, September 2012, pp. 114-118). A more
direct approach was proposed in J. Honda and H. Yama-
moto, “Polar coding without alphabet extension for asym-
metric models”, IEEE Trans. on Information Theory, Vol.
59, No. 12, pp. 7829-7838, 2013, which achieves the capac-
ity of asymmetric channels using non-linear polar codes, but
uses large Boolean functions that involve a storage space
that is exponential in block length. The present disclosure
describes a modification to this scheme, which removes the
use of the Boolean functions, and may result in reduced
storage requirement of the encoding and decoding tasks to a
linear function of the block length.

The present disclosure further describes a generalization
of the non-linear scheme to the availability of side informa-
tion about the channel at the encoder. This scheme may be
referred to as a polar multicoding scheme, which achieves
the capacity of channels with an informed encoder. This
scheme may be useful for non-volatile memories such as
flash memories and phase change memories, and for broad-
cast channels.

One characteristic of flash memories is that the response
of the memory cells to a writing attempt may be affected by
the previous content of the memory. This complicates the
design of error correcting schemes, and thus motivates flash
systems to “erase” the content of the cells before writing,
and by that to eliminate latency effects. However, the erase
operation in flash memories may be resource-expensive, and
therefore a simple coding scheme that does not involve
erasure before writing may improve the performance of
solid-state drives significantly. Described herein are two
instances of the proposed polar multicoding scheme.

B. Relation to Previous Work

The study of channel coding with informed encoder was
initiated by Kusnetsov and Tsybakov (A. Kusnetsov and B.
S. Tsybakov, “Coding In A Memory With Defective Cells”,
translated from Problemy Peredachi Informatsii, Vol. 10,
No. 2, pp. 52-60, 1974), with the channel capacity derived
by Gelfand and Pinsker (see supra, Gelfand and Pinsker,
“Coding For Channel With Random Parameters”). The
informed encoding technique of Gelfand and Pinsker was
used earlier by Marton to establish an inner bound for the
capacity region of broadcast channels (K. Marton, “A Cod-
ing Theorem For The Discrete Memoryless Broadcast Chan-
nel”, IEEE Trans. on Information Theory, Vol. 25, No. 3, pp.
306-311, May 1979). Low-complexity capacity-achieving
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codes were first proposed for continuous channels, using
lattice codes (see, e.g., R. Zamir, S. Shamai, and U. Erez,
“Nested Linear/Lattice Codes For Structured Multiterminal
Binning”, IEEE Trans. On Information Theory, Vol. 48, No.
6, pp- 1250-1276, June 2002). In discrete channels, the first
low-complexity capacity-achieving scheme was proposed
using polar code, for the symmetric special case of infor-
mation embedding (see, e.g., S. Korada and R. Urbanke,
“Polar Codes Are Optimal For Lossy Source Coding,” /EEE
Trans. On Information Theory, Vol. 56, No. 4, pp. 1751-
1768, April 2010, Section VIII.B). A modification of this
scheme for the application of flash memory rewriting was
proposed in D. Burshtein and A. Strugatski, “Polar Write
Once Memory Codes”, IEEE Trans. On Information Theory,
Vol. 59, No. 8, pp. 5088-5101, August 2013, considering a
model called write-once memory. An additional scheme for
this application, based on randomness extractors, was also
proposed recently in A. Gabizon and R. Shaltiel, “Invertible
Zero-Error Dispersers And Defective Memory With Stuck-
At Errors”, in APPROX-RANDOM, 2012, pp. 553-564.

Some aspects of the present disclosure is directed towards
a setup that may be compared to those considered in
Burshtein and Strugatski, ‘“Polar Write Once Memory
Codes”, supra, and in A. Gabizon and R. Shaltiel, “Invertible
Zero-Error Dispersers And Defective Memory With Stuck-
At Errors”, in APPROX-RANDOM, 2012, pp. 553-564. A
contribution of the presently disclosed techniques compared
to two mentioned schemes is that the schemes disclosed
herein may achieve the capacity of rewriting model that also
include noise, while the schemes described in Burshtein and
Strugatski, “Polar Write Once Memory Codes” and in Gabi-
zon and Shaltiel, “Invertible Zero-Error Dispersers And
Defective Memory With Stuck-At Errors”, may achieve the
capacity of the noise-less case. Error correction is a useful
capability in modern flash memory systems. The low-com-
plexity achievability of the noisy capacity may be accom-
plished using a multicoding technique.

Comparing with Gabizon and Shaltiel, “Invertible Zero-
Error Dispersers And Defective Memory With Stuck-At
Errors”, supra, the presently disclosed techniques may result
in improved performance by achieving the capacity with an
input cost constraint, which also is useful in rewriting
models to maximize or otherwise increase the sum of the
code rates over multiple rewriting rounds. Compared with
Burshtein and Strugatski, ‘“Polar Write Once Memory
Codes”, supra, the presently disclosed techniques may result
in improved performance by removing or otherwise reduc-
ing the involvement of shared randomness between the
encoder and decoder, which may affect the practical coding
performance. The removal or reduction of the shared ran-
domness may be accomplished by the use of non-linear
polar codes. An additional coding scheme contemplated
herein also does not involve shared randomness. See X. Ma,
“Write-Once-Memory Codes By Source Polarization” (on-
line, available at the Internet URL of [arxiv.org/abs/
1405.6262], as of May 2014). However, the additional
coding scheme in Ma, “Write-Once-Memory Codes By
Source Polarization”, supra, considers only the noise-less
case.

Polar coding for channels with informed encoders was
also studied recently in the context of broadcast channels,
since the Marton coding technique contains the multicoding
technique as an ingredient. A coding technique was recently
presented for broadcast channels, in N. Goela, E. Abbe, and
M. Gastpar, “Polar Codes For Broadcast Channels”, in Proc.
IEEE Int. Symp. on Information Theory (ISIT), July 2013,
pp. 1127-1131. The presently described techniques were
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developed independently and provide at least three new
contributions that are not found, suggested, or otherwise
described in Goela et al., “Polar Codes For Broadcast
Channels”, supra. First, by using the modified scheme of
non-linear polar codes, the presently described techniques
may result in reduced storage requirements from an expo-
nential function in the block length to a linear function.
Secondly, the presently disclosed schemes can be connected
to the application of data storage and flash memory rewrit-
ing, which was not considered in the previous work. And
thirdly, the analysis in Goela et al., “Polar Codes For
Broadcast Channels,” holds for channels that exhibit a
certain technical condition of degradation. In the present
disclosure, a rewriting model is considered with writing
noise that exhibits the degradation condition, and it is shown
herein that the scheme achieves the capacity of the consid-
ered model.

Another paper on polar coding for broadcast channel was
published recently by Mondelli et. al.; see M. Mondelli, S.
H. Hassani, 1. Sason, and R. Urbanke, “Achieving Marton’s
Region For Broadcast Channels Using Polar Codes™ (online,
available at the Internet URL of [arxiv.org/abs/1401.6060],
January 2014). That paper proposed a method, called
“chaining”, that allows bypassing of the condition of chan-
nel degradation. In the present disclosure, the chaining
method is connected to the flash-memory rewriting appli-
cation and to the new non-linear polar coding scheme
disclosed herein, and is applied to the proposed multicoding
scheme. This allows for a linear storage, together with the
achievability of the informed encoder model and Marton’s
inner bound, eliminating or reducing the involvement of
channel degradation. Furthermore, the present disclosure
discusses the chaining scheme for the flash-memory appli-
cation, and explains the applicability of this instance for
flash-memory systems.

The next discussion section of the present disclosure
proposes a non-linear polar coding scheme for asymmetric
channels, which does not involve an exponential storage of
Boolean functions. Further sections that follow will describe
a polar multicoding scheme for channels with informed
encoder, including special cases for the rewriting of flash
memories.

II. Asymmetric Point-to-Point Channels

Notation:
For positive integers ms=n, let [m: n] denote the set
{m, m+1, . . ., n}, and let [n] denote the set [1: n]. Given

a subset A of [n], let A° denote the complement
of A with respect to [n], where n is clear from the context.
Let x,,; denote a vector of length n, and let X4 denote a
vector of length 1A | obtained from x,; by deleting the
elements with indices in A °.

Throughout this section, channels with binary input
alphabets are considered. However, the results of this section
can be extended to non-binary alphabets without much
difficulty using the methods described in various examples,
such as R. Mori and T. Tanaka, “Channel Polarization On
Q-Ary Discrete Memoryless Channels By Arbitrary Ker-
nels”, in IEEE Int. Symp. on Information Theory (ISIT), June
2010, pp. 894-898; W. Park and A. Barg, “Polar Codes For
Q-Ary Channels, q=2r", [EEE Trans. on Information
Theory, Vol. 59, No. 2, pp. 955-969, February 2013; A.
Sahebi and S. Pradhan, “Multilevel Polarization Of Polar
Codes Over Arbitrary Discrete Memoryless Channels”, in
Communication, Control, and Computing (Allerton), 2011,
49th Annual Allerton Conference on Communication, Con-
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trol, and Computing, September 2011, pp. 1718-1725; E.
Sasoglu, 1. Telatar, and E. Arikan, ‘“Polarization For Arbi-
trary Discrete Memoryless Channels”, in Information
Theory Workshop, 2009. ITW 2009. IEEE, October 2009, pp.
144-148; and E. Sasoglu, “Polarization and Polar Codes,”
Foundation Trends in Communications and Information
Theory, Vol. 8, No. 4, pp. 259-381, 2012 (online, available
at the Internet URL of [dx.doi.org/10.1561/01000000411]).
One aspect of polar coding is that polar coding can take
advantage of the polarization effect of the Hadamard trans-
form on the entropies of random vectors. Consider a binary-
input memoryless channel model with an input random

variable X&{0,1}, an output random variable YETU , and a
pair of conditional probability mass functions (pmfs) pyy

(¥10), pyix(yI1) on Y. Let n be a power of 2 that denotes the
number of channel uses, also referred to as the block length.
The channel capacity may be considered as an upper bound
on the rate in which the probability of decoding error can be
made as small as desirable for large enough block length. In
various examples, the channel capacity may be given by the
mutual information of X and Y.

Theorem 1. (Channel Coding Theorem) (see T. M. Cover
and, J. A. Thomas, Elements of Information Theory (2nd ed).
Wiley, 2006, Chapter 7). The capacity of the discrete
memory-less channel p(ylx) may be given by:

C=max I(X;Y).
px)

The Hadamard transform may be a multiplication of the
random vector X,,,; over the field of cardinality 2 with the

matrix G,=¢®log2n | where

and @ denotes the Kronecker power. In other words, G,, can
be described recursively for nz4 by the block matrix:

G, = .
" [GQ Gn
2 2

One aspect in this discussion involves the behavior of the
conditional entropy H(U,IU|,_,, Y1), for i€[n]. The matrix
G,, may transform X, into a random vector U,,,=X,,,G,,
such that the conditional entropy H(U,IU,_,;, Y,,;) is polar-
ized. For example, for a fraction of close to H(XIY) of the
indices i€[n], the conditional entropy H(U,IU};_,;, Y|,)) is
close to 1, and for almost all the rest of the indices, the
conditional entropy H(U,IU,_,;, Y,,}) is close to 0. This
result was shown by E. Arikan, “Channel Polarization”,
supra. The “polarization theorem” below expresses the
polarization effect mathematically.

Theorem 2. (Polarization Theorem) (see E. Arikan,
“Source Polarization”, in Proc. IEEE Int. Symp. on Infor-
mation Theory (ISIT), 2010, pp. 899-903; Theorem, 1
supra). Let n, U}, Xy, Y|,,; be provided as above. For any
0E(0,1), let the conditional entropy H as a function of X
given Y be provided as:

Hyy = {i€RIHU; Up_1y, YppE(-6,1)},
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and define a complementary function L as:

Ly = {I€RHU Up_13, Y E0,8)}.
Then:

m [Hyy|/n= H(X | ¥) and lim|Lyy|/n=1-H(X|Y).

This polarization effect can be used for the design of a
coding scheme that may achieve the capacity of symmetric
channels with a running time that is polynomial in the block
length. The capacity of weakly symmetric channels can be
achieved by a uniform distribution on the input alphabet,
e.g., p(x)= (see, e.g., T. M. Cover and J. A. Thomas,
Elements of Information Theory (2d ed.), Wiley, 2006,
Theorem 5.2.1 therein). Weakly symmetric channels can be
considered to have a uniform distribution on the output
alphabet, where the conditional distributions of the output
given different inputs may be permutations of each other.
Since the input alphabet in this section may be considered
binary, the capacity-achieving distribution gives H(X)=1,
and therefore equation (1) below follows:

Jim (1/mLyyl =1-HX|Y) M

=HX)-HX|Y)

=I(X; Y).

For each index in L., the conditional probability
p(u,lup,_yy, ¥p,p) may be close to either 0 or 1 (since the
conditional entropy may be small by the definition of the set
Ly y). Itfollows that the random variable U, can be estimated
reliably given uj,_;; and yp,;. These realizations may be
utilized to achieve various coding schemes that follow. The
encoder may create a vector uy,,, by assigning the subvector
U,,,, with the source message, and the subvector U, - with
uniformly distributed random bits that are shared with the
decoder. The randomness sharing may be useful for analysis,
but it will be shown to be unnecessary by the probabilistic
method. Equation (1) implies that the described coding
scheme may achieve the channel capacity. Decoding may be
performed iteratively, from index 1 up to n. In each iteration,
the decoder may estimate the bit u, using the shared infor-
mation or a maximum likelihood estimation, according to
the set membership of the iteration. The estimations of the
bits u, for which i is in L,;” may be successful, since these
bits were known to the decoder in advance. The rest of the
bits may be estimated correctly with relatively high prob-
ability, leading to a satisfactory decoding of the entire
message with high probability.

However, this reasoning may not translate directly to
asymmetric channels. A capacity-achieving input distribu-
tion of asymmetric channels may, in general, not be uniform
(see, for example, S. Golomb, “The limiting behavior of the
z-channel (corresp.)”, IEEE Trans. on Information Theory,
Vol. 26, No. 3, pp. 372-372, May 1980, e.g., px(1)=V2. Since
the Hadamard transform may be bijective, it follows that the
capacity-achieving distribution of the polarized vector U,
may be non-uniform as well. One possible problem is that
assigning uniform bits of message or shared randomness
may change the distribution of U,,,;, and consequently also
may change the conditional entropies H(U,/U},_,},Y 1) (also
note the probability chain rule p(u,, =Ilep,; pu,lu,_, )
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To manage this above-described situation, the change in
the distribution of Uy, may be kept to be minor, and thus its
effect on the probability of decoding error may also be
minor. To achieve this, the conditional entropies
H(U,IU,,_,y) for i€[n] may be considered. Since polarization
may happen regardless of the transition probabilities of the
channel, a noiseless channel may be considered, for which
the output Y is a deterministic variable, and for which it may
be concluded by Theorem 2 that the entropies H(U,IU, ;)
may also be polarized. For this polarization, a fraction of
H(X) of the indices may admit a high entropy H(U,IU,_,).
To result in a minor or otherwise reduced change in the
distribution of Uj,,;, the assignments of uniform bits of
message and shared randomness can be restricted to the
indices with high entropy H(U,IU,_,}).

A modified coding scheme may be implemented as a
result of the above-described observations. The locations
with high entropy H(U,IU},_,;) may be assigned with uni-
formly distributed bits, while the rest of the locations may be
assigned with the probability mass function (pmf) of
p(u,lu,_,). Similar to the notation of Theorem 2, the set of
indices with high entropy H(U,IU,_,;) may be denoted by
H,. To achieve a reliable decoding, the message bits may be
placed in the indices of H that can be decoded reliably, such
that that their entropies H(U,/U},_,;, Y,;) are low. The
message bits may be placed in the intersection H, MLy}
The locations whose indices are not in L ,,, may be known
by the decoder in advance for a reliable decoding. Previous
work suggested sharing random Boolean functions between
the encoder and the decoder, drawn according to the pmf
p(u,luy,_;), and to assign the indices in L, according to these
functions. See, e.g., Goela and Gastpar, “Polar Codes For
Broadcast Channels”, supra; Honda and Yamamoto, ‘“Polar
Coding Without Alphabet Extension For Asymmetric Mod-
els”, supra. However, the present disclosure contemplates
that the storage required for those Boolean functions may be
exponential in n, and therefore the present disclosure pro-
poses an efficient alternative.

To avoid the Boolean function, the complement of
H,NL,, can be divided into three disjoint sets. First, the
indices in the intersection HyNLy,;” may be assigned with
uniformly distributed random bits that can be shared
between the encoder and the decoder. As in the symmetric
case, this randomness sharing will not be necessary. The rest
of the bits of U}, (those in the set H,°), may be assigned
randomly to a value u with probability pwUH](qu[i_l])
(wherep,, o is calculated according to the pmfp VX Tt
the capacity-achieving distribution of the channei). The
indices in H;“ML 4, could be decoded reliably, but not those
in Hy*NLy,y". Fortunately, the set Hy"MLy,;” can be shown
to be small, and thus those locations separately may have a
vanishing or otherwise reduced effect on the code rate.

It can be seen that the code rate approaches the channel
capacity by considering that the source message is placed in
the indices in the intersection H, MLy, The asymptotic
fraction of this intersection can be derived as the following:

|HN\L o pl/m=1= | H UL 31 1=1= | V=L 3

Vit H O L2, @)

The Polarization Theorem (Theorem 2) implies that |H I/
n—>1-H(X) and L, I/n—H(XIY). Since the fraction
IHy"NLy,y | may vanish for large n, the asymptotic rate can
be seen to be IH,NL,,//m—HX)-HXIY)=I(X; Y), achiev-
ing the channel capacity.

For a more precise definition of the scheme, the so-called
Bhattacharyya parameter may be utilized in the selection of
subsets of U, instead of the conditional entropy. The
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Bhattacharyya parameters may be polarized in a similar
manner to the entropies, and may be useful for bounding the
probability of decoding error. For a discrete random variable
Y and a Bernoulli random variable X, the Bhattacharyya
parameter Z may be provided by:

Z(X1Y) = 25V A0 9P A1) 3)

Note that various polar coding literature may use a
slightly different definition for the Bhattacharyya parameter,
which may coincide with Equation (3) when the random
variable X is distributed uniformly. The Bhattacharyya
parameter can be thought of as an estimate to both the
entropy H(XIY) and the probability of decoding error. The
following relationship between the Bhattacharyya parameter
and the conditional entropy may be observed, as stated in
Proposition 1 below.

Proposition 1. (see E. Arikan, “Source Polarization”, in
Proc. IEEE Int. Symp. on Information Theory (ISIT), 2010,
pp- 899-903; Proposition 2).

(ZXDYsHXY), Q)

H(X|Dslog,(1+Z(X Y)sZ(X1Y). (5)

The set of high and low Battacharyya parameters (H 4,5
and £ 4, respectively) may be provided, and may be
utilized instead of the sets Hy, and Ly, For 8&(0,1), the

following may be provided:
1/2-8.

H oy BERIAUIU  Fpz1-27 ),
L sy 2T, Uy V=2,
As before, the sets H , and L , for the parameter Z
(U,IU,,_,;) may be provided by letting Y, be a deterministic
variable.
A uniformly distributed source message m may be real-

[]

ized as MK xnLyy]] E{O,l Wxnlarl and a deterministic vector
f that is known to both the encoder and decoder can be

realized as [wexnsgrn €40, l}l}[}‘m’c‘“’| . For a subset A ([n]
and an index i€ A, a function r(i, A ) can be utilized to
denote the rank of i in an ordered list of the elements of <A .
The  probabilities pUI_‘U[I_?”(qu[i_l]) anq Pusytn,_p v
(ulu,_;35 ¥p,.p) can be calculated by a recursive method as
described in Honda and Yamamoto, “Polar Coding Without
Alphabet Extension For Asymmetric Models”, supra; see
Section LB below (Multicoding Construction for
Degraded Channels).

Construction A.

This section describes a construction, called “Construc-
tion A” for ease of subsequent reference, that provides
example operations for encoding and decoding schemes
suited for asymmetric channels to produce codewords as
output of encoding a message and to produce an estimated
message as output of decoding an input codeword.

Example Message Encoding Scheme

Input: a message M{xncy, ) E{0,1 HHxnlxy
Output: a codeword x,,£{0,1}”.
1) For i from 1 to n, successively, set:

u €40, 1} with probability

Pugjugyy @ #i-11) e
“ i Hx N Lxy) ifre My N Ly
Trxnssy) ifie Hx (1 Ly
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2) Transmit the codeword x,,;=u,,G,,.

3) Transmit the vector “£yn#% separately using a linear,
non-capacity-achieving polar code with a uniform input
distribution.

Example Input Decoding Scheme

Input: a noisy vector y,,E{0,1}".

Output: a message estimation Mz, €{0,1 JPHxLxy ]

1) Estimate the vector Uzgyrocg by “Lgyns
2) For i from 1 to n, set:

argma)&ego,upui‘u[FI],y[n] (u] Uii-11s Yin)) ifie Lxy
ifie Lyy NHy .
ifie ~£§(\y N Hx

i = ﬁ'("vig(\yﬂﬂg()

Firiy N y)

3) Return the estimated message T/ﬁﬂ‘}[anx‘yH =T yniyy

Example properties of interest in this above-described
scheme of Construction A may be the capacity achieved and
the low algorithmic complexity. A sequence of coding
schemes is said to achieve the channel capacity if the
probability of decoding error vanishes or is otherwise
reduced with the block length for any rate below the
capacity. Theorem 3 below is proposed from observation of
the schemes of Construction A above.

Theorem 3. Construction A with the example encoding
and decoding schemes described above achieves the channel
capacity (Theorem 1) with low computational complexity.

In the next section, a generalized construction is illus-
trated along with demonstration of its capacity-achieving
properties. Theorem 3 thus follows as the corollary of the
more general theorem.

III. Channels with Non-Causal Encoder State
Information

In this section, Construction A is generalized to the
availability of channel state information at the encoder.
Rewriting in flash memories is considered, and two example
cases of the model for this application are presented. The
assumption of a memoryless channel may not be very
accurate in flash memories, due to a mechanism of cell-to-
cell interference, but the assumption is nonetheless useful
for the design of coding schemes with valuable practical
performance. One characteristic of flash memories that is
considered in this disclosure is the high cost of changing a
data cell level from “1” to “0” (in single-level cells). To
perform such a change, an operation, called a “block era-
sure”, may be implemented. Rewriting can be considered, so
as to avoid the block erasure operation. For instance, a
writing attempt on a cell with level “1” may not affect the
cell level since this is not an erasure operation. In a com-
munication terminology, the channel can be considered as
having a discrete state. The state can be considered as
“memoryless”, for example the state of different cells can be
distributed independently. This assumption may not be com-
pletely accurate, since the memory state in rewriting
schemes may be determined by the previous write to the
memory, in which the codeword indices may not be neces-
sarily distributed independently. However, since capacity-
achieving codes can be utilized, the independently and
identically distributed (i.i.d.) assumption may be a reason-
able approximation to the behavior of the different Bernoulli
random variables that represent the cell outputs.
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The state of all n cells may be assumed as available to the
writer prior to the beginning of the writing process. In
communication terminology this kind of state availability
may be referred to as “non-causal”. This setting may also be
useful in the Marton coding method for communication over
broadcast channels. Therefore, the multicoding schemes that
will follow may serve as a contribution also in this setting.
One example case of the model that is considered is the
noise-less write-once memory model. The described model
may also serve as a basis for a type of code called “rank-
modulation rewriting codes” (see, e.g., E. En Gad, E.
Yaakobi, A. Jiang, and J. Bruck, “Rank-Modulation Rewrite
Coding For Flash Memories” (online, available at the URL
of [//arxiv.org/abs/1312.0972], as of December 2013).
Therefore, the schemes proposed in the present disclosure
may also be useful for the design of rank-modulation
rewriting codes.

The channel state can be represented as a Bernoulli
random variable S with parameter A, denoting to the prob-
ability p(S=1). As noted above, a cell of state “1” (e.g.,
logic “1”) can be written to a value of “1” (avoiding block
erasure). When the parameter A is high, the capacity of the
memory may be small, since only a few cells may be
available for modification in the writing process, and thus a
small amount of information may be stored. As a result, the
capacity of the memory in future writes may be affected by
the choice of codebook. A codebook that contains many
codewords of high Hamming weight might may make the
parameter A of future writes high, and thus the capacity of
the future writes might be low. However, forcing the
expected Hamming weight of the codebook to be low might
reduce the capacity of the current write. To settle this
trade-off, the sum of the code rates over multiple writes can
be adjusted to achieve a balanced result. In many cases,
constraints on the codebook weight may strictly increase the
sum rate (see, for example, C. Heegard, “On The Capacity
Of Permanent Memory”, in [EEE Trans. Information
Theory, Vol. 31, No. 1, pp. 34-42, January 1985). Therefore,
an input cost constraint may be considered in the model
described herein.

A general model considered herein may be a discrete
memoryless channel with a discrete memoryless state and an
input cost constraint, when the state information is available
non-causally at the encoder. The channel input, state and
output may be denoted by x, s and y, respectively, and their
respective finite alphabets may be denoted by X, §, and ¥ .
The random variables may be denoted by X, S and Y, and the
random vectors by X1, S;,,;;, and Y ,,;, where n is the block
length. The state may be considered as distributed according
to the probabilistic mass function (pmf) p(s), and the con-
ditional pmf’s of the channel may be denoted by p(yIx, s).
The input cost constraint can be represented as:

The channel capacity with informed encoder and an input
cost constraint can be determined by an extension of the
Gelfand-Pinsker Theorem (see, e.g., A. El Gamal and Y.
Kim, Network Information Theory, Cambridge University
Press, 2012, Equation 7.7 at p. 186). The cost constraint may
be defined slightly differently in the Gamal reference, but the
capacity may not be substantially affected by the change.
Theorem 4. (Gelfand-Pinsker Theorem with Cost Con-
straint) (see, e.g., Gamal and Kim, Network Information
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Theory, Equation (7.7) at p. 186, supra). The capacity of a
discrete memoryless channel (DMC) with a DM state p
(y1x, s)p(s), and an input cost constraint B, when the state
information is available non-causally only at the encoder, is
given by:

C= max IV, V)= 1(V;5)
pvls)x(v,s): E(b(X)=B

©

where V may be an auxiliary random variable with a finite
alphabet v, Ivismin{IX-§ y +§-1}.

An example coding scheme described herein may achieve
the capacity stated in Theorem 4. Similar to the previous
section, the treatment may be applicable to the case in which
the auxiliary random variable V is binary. In flash memory,
this case may correspond to a single-level cell (SLC) type of
memory. As mentioned in Section II above, Asymmetric
Point-To-Point Channels, an extension of the described
scheme to a non-binary case (which would correspond to a
multi-level cell (ML.C) memory) is possible. The limitation
to a binary random variable may not apply on the channel
output Y. Therefore, the cell voltage could be read more
accurately at the decoder to increase the coding perfor-
mance, similarly to the soft decoding method that is used in
flash memories with codes known as low-density parity-
check (LDPC) codes.

An example scheme that may achieve the capacity of
Theorem 4 is described below in this Section III, Channels
With Non-Causal Encoder State Information, as Construc-
tion C, in the subsection C below, “Multicoding Construc-
tion without Degradation”. The capacity achieving result
may be summarized in the following theorem, Theorem 5.

Theorem 5. Construction C achieves the capacity of the
Gelfand-Pinsker Theorem with Cost Constraint (Theorem 4)
with low computational complexity.

An example case of the setting of Theorem 4 is the setting
of channel coding with input cost constraint (without state
information). Therefore, Theorem 5 may also imply that
Construction C may achieve the capacity of the setting of
channel coding with an input cost constraint. In this Section
111, two special cases of the Gelfand-Pinsker model that are
useful for the rewriting of flash memories are described.
Afterward, in Section III, two versions of the example
construction schemes that correspond to the two special
cases of the model will be described.

A. Special Cases

First, an example special case that is quite a natural model
for flash memory rewriting will be described below.

Example 1

Let the sets X, s, and ¥ be all equal to {0,1}, and let the
state probability mass function (pmf) be py(1)=f. This
model may correspond to a single level cell flash memory.
When s=0, the cell may behave as a binary asymmetric
channel, since the cell state may not interfere with the
writing attempt. When s=1, the cell may behave as if a value
of 1 was attempted to be written, regardless of the actual
value attempted. However, an error might still occur, during
the writing process or anytime afterward. Thus, it can be said
that when s=1, the cell may behave as a binary asymmetric
channel with input “1”. Formally, the channel pmf’s may be
given by:
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Po if(x, 5) = (0, 0) @]
prixs(Lx, 5)= 1 .
— p1 otherwise

The cost constraint may be given by b (x,)=x,, since it can
be useful to limit the amount of cells written to a value of 1.

The coding scheme described herein may be based on an
auxiliary variable V, as in the coding scheme of Gelfand and
Pinsker that achieves the capacity of Theorem 4. The Gel-
fand-Pinsker coding scheme may be computationally inef-
ficient. One aspect of the presently disclosed techniques
achieves the same rate, but with efficient computation.
Construction of coding schemes for general Gelfand-Pinsker
settings may be based on a more limited construction. First,
the limited construction will be described. Then, the limited
construction can be extended to the more general case. The
limitation may be related to the auxiliary variable V that is
chosen for the code design. The limitation may be applied on
a property called channel degradation, as provided in the
following.

Example for Channel Degradation.

See, e.g., Gamal and Kim, Network Information Theory,
supra, at p. 112. A discrete memory-less channel (DMC) W :
{0,1}—v | is stochastically degraded (or simply degraded)
with respect to a DMC W,: {0,1}—7v ,, denoted as W,°W,,
if there exists a DMC W: ¢ ,—¥ ; such that W satisfies the
equation W, (y,1X)= Zp.ci. Wo(y2IX)W(y,ly,).

The first coding scheme described herein may achieve the
capacity of channels for which the following property holds.

Property for Capacity Maximization.

The functions p(vls) and x(v, s) that maximizes the
Gelfand-Pinsker capacity in Theorem 4 satisty the condition
p(yIV)p(siv).

It is not known whether the model of Example 1 satisfies
the degradation condition of the Property for Capacity
Maximization. However, the model can be modified such
that it will satisfy the Property for Capacity Maximization,
while sacrificing some of the “accuracy” of the model.

Example 2

Let the sets X, § and ¥ be all equal to {0,1}. The channel
and state pmfs may be given by ps(1)= and:

@ if(x, s) = (0, 0)
l—o if(x,s)=(1,0).
1 ifs=1

®

prixs(l]x, s)=

For instance, if s=1 then the channel output may be 1, and
if s=0, the channel may behave as a binary symmetric
channel. This may correspond to the limitation on changing
the cell level from logic “0” to logic “1”. The stochastic
noise model beyond this limitation may not be entirely
natural, and may be chosen to satisfy the degradation
condition. The cost constraint may be given by b(x,)=x,.

The model of Example 2 above may satisfy the degrada-
tion condition of the Property for Capacity Maximization.
To show this, the functions p(vls) and x(v, s) that maximize
or otherwise increase the Gelfand-Pinsker capacity in Theo-
rem 4 can be determined to satisfy this degradation condi-
tion. Those functions can be established in the following
theorem.
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Theorem 6. The capacity of the channel in Example 2 is: 63

C=(1-B)a(e*c)-h(a)],

16
where e=p/(1-p) and e*a=e(1-a)+(1-¢)a. The selections
v={0,1}, x(v, s)=v\/s (where \/ is the logical OR operation),
and:

el - ©

pyis(L10)=e, pys(L| 1) =

achieves this capacity.

Theorem 6 may be similar to C. Heegard, “On The
Capacity Of Permanent Memory,” IEEE Trans. Information
Theory, Vol. 31, No. 1, pp. 34-42, January 1985; Theorem 4.
The proot of Theorem 6 is described in Appendix A below.
The upper bound may be obtained by assuming that the state
information is available also at the decoder, and the lower
bound may be obtained by setting the functions x(v, s) and
p(vls) according to the statement of the theorem. The proof
that the model in Example 2 satisfies the degradation con-
dition of the Property for Capacity Maximization may be
completed by the following lemma, which is related to
Theorem 6.

Lemma 6a. The capacity achieving functions of Theorem
6 for the model of Example 2 satisfy the degradation
condition of the Property for Capacity Maximization. That
is, the channel p(slv) is degraded with respect to the channel
pyIv).

Lemma 6a is proved in Appendix B below, and conse-
quently, the capacity of the model in Example 2 can be
achieved by the example coding scheme disclosed herein. In
the next subsection a simpler coding scheme is described
that may achieve the capacity of Example 2, and of any
model that satisfies the Property for Capacity Maximization.

B. Multicoding Construction for Degraded Channels

The setting of asymmetric channel coding, which was
discussed in Section 2, may satisfy the Property for Capacity
Maximization. In the asymmetric channel coding case, the
state can be thought of as a deterministic variable, and
therefore W can be selected per the Definition for Channel
Degradation (above) to be deterministic as well, and by that,
to satisfy the Property for Capacity Maximization. This
implies that the construction presented in this section may be
a generalization of Construction A for an asymmetric chan-
nel.

The construction may have a similar structure to the
Gelfand-Pinsker scheme. The encoder may first find a
vector v, in a similar manner to that described in Con-
struction A, where the random variable XIY is replaced with
V1Y, and the random variable X is replaced with VIS. The
random variable V may be taken according to the pmf’s
p(vls) that maximize the rate expression in Equation (6).
Then each bit i€[n] in the codeword x,; may be calculated
by the function x,(v,, s,) that maximizes Equation (6). Using
the model of Example 2, the functions p(vls) and x(v, s) may
be used according to Theorem 6. Similarly, considering
Equation (2), the replacements imply that the asymptotic

rate of the codes would be | H N L ,,,//n—H(VIS)-H
VIY)=I(V; Y)-I(V; S), which achieves the Gelfand-Pinsker
capacity of Theorem 4 (the connection of Theorem 2 to the
Bhattacharyya parameters may be achieved through consid-
eration of Proposition 1). The coding scheme can be for-
mally described as follows.

Construction B.

This section describes a construction that provides
example operations for encoding and decoding schemes to
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produce codewords as output of encoding a message and to
produce an estimated message as output of decoding an
input codeword.

Example Message Encoding Scheme

Input: a message ™¥wsntvy] €{0,137Vis™virl and a state
s,,E10,1}".

Output: a codeword x,,€{0,1}".

1. For each i for 1 to n, assign a variable u as follows:

u € {0, 1} with probability (10)
ifi € HY

Pyl 51 @ L1, 1) g "

U =

ifie Hyis N Lyy”
ifie Hyis N Lyy

MofiHy)sNLyy)

f'(iﬂwsﬂif/\y)

2. Calculate vj,;=u;,; G,, and for each i€[n], store the value
X(¥y5 8,)-

3. Store the vector WLiyn¥y separately using a linear,
non-capacity-achieving polar code with a uniform input
distribution.

Example Input Decoding Scheme
Input: a noisy vector y,,E{0,1}".
Output: a message estimation sy sncyy] €{0,13visnvr|

~

. u c [
1. Estimate the vector “£iy"is by “LoyNiys

2. Estimate uy,,; by ﬁ[n](y[n],f negeexvsi ) as follows: For each
i from 1 to n, assign:

argma)&ego,upui‘u[i?l],y[n] (u| w1y yim) i€ Lyyy (11
ifie Lyy NHys .
ifie Lyy NHyjs

By =\ i,y 746 )

Ftgyros)

3. Return the estimated message e visnLypyll = WHy snLypy
The asymptotic performance of Construction B may be
stated in the following theorem.

Theorem 7. If the Property for Capacity Maximization
holds, then Construction B achieves the capacity of Theorem
4 with low computational complexity.

The proot of Theorem 7 is provided in Appendix C. The
next subsection describes a method to remove the degrada-
tion requirement of the Property for Capacity Maximization.
This would also allow achievement of the capacity of the
more realistic model of Example 1.

C. Multicoding Construction without Degradation

A chaining idea was proposed in Mondelli and Hassani,
“Achieving Marton’s Region For Broadcast Channels Using
Polar Codes,” supra, that achieves the capacity of models
that do not exhibit the degradation condition of the Property
for Capacity Maximization. In Modelli et al., the chaining
idea was presented in the context of broadcast communica-
tion and point-to-point universal coding. Chaining can be
connected here to the application of flash memory rewriting
through Example 1. Note also that the chaining technique
that follows may come with a price of a slower convergence
to the channel capacity, and thus a lower non-asymptotic
code rate might be realized.

The feature of Construction B for degraded channels may
result from the set # ,“N L ,,°, which is to be communi-
cated to the decoder in a side channel. If the fraction
(I/n)H ,,°N L 4,71 vanishes with n, Construction B may

18

achieve the channel capacity. In the case that the fraction
(I/n)H ,,°N L 4,71 does not vanish, then similar to Equa-
tion (2), the set follows:

[Hyis N Lyyl/n=1~Hys ULyyl/n
= 1= |Hysl/n =Ly |/n+1Hy s N Ljyl/n—

IV Y) = I(V; S) + [ Hyys (N Lyl /.
10

The subvector %505y can be stored in a subset of the
indices H 5N L 4, of an additional code block of n cells.
The additional block can use the same coding technique as
the original block. Therefore, the additional block can use
approximately 1/(V; Y)-1(V; S) of the cells to store addi-
tional message bits, and the channel capacity can be
approached. However, the additional block may observe the
same difficulty as the original block with the set
Hys°NLy, ;. To solve this, the same solution can be recur-
sively applied, sending in total k blocks, each of the k blocks
being of length n. Each block can store a source message (or
fraction thereof) that may approach the channel capacity.
The “problematic” bits of a block k can be stored using yet
another block, but this additional block can be coded without
taking the state information into account, and thus may not
face the same difficulty. The last block may thus cause a rate
loss, but this loss may be of a fraction 1/k, which may vanish
for large values of k. In the following description, an
example construction can denote the index i of the j-th block
of the message by m, ;, and similarly for other vectors. The
vectors themselves may also be denoted in two dimensions,
for example X, -

20

35 Construction C.

This section describes a construction that provides
example operations for encoding and decoding schemes to
produce codewords as output of encoding a message and to
produce an estimated message as output of decoding an
input codeword.

Let R be an arbitrary subset of H ,,NL,; of
size | H ML 0L

Example Message Encoding Scheme

40

45 m e
Input: a [(1HvisnLy)y [~ 1Hy 5N Ly LKD) €

{0,13F1tvisnbviv|=IFs05w D and a state S E0 11
Output: a codeword xi,,; ,E{0,1}*".

1) Let u,, £{0,1}” be an arbitrary vector. For each j from
1 to k, and for each i from 1 to n, assign:

message

50

u € {0, 1} with probability
) fie Hs

(12)
55 PUUg1y-5p 100 50
ifi e (Hus NLyy\R
ifieR

ifie Hyis N Ly

P{iitty,sNLyiy )i
Uit s NGy b
Sttty sy i

60

2) For each j from 1 to k, calculate v, =u,, ,G,, and for

each i€[n], store the value x, (v, , s, ).

o
o

3) Store the vector Ustinsy v separately using a non-
capacity-achieving polar code with a uniform input dis-
tribution.
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Example Input Decoding Scheme
Input: a noisy vector y,, €{0.1}n.
Output: a message estimation T/ﬁHstMwyl*\Hﬁ‘sﬂﬂfm\l.{kl e

{0 1 }k\iHV\sﬂLV\y\*Wﬁsnﬁfnyl
b
. Upe  grt ﬁ c c
1) Estimate the vector “Liyn#ysk by ~LyviyNHyisk and let
Up 1= vaﬂﬂws'

2) Estimate g1 1 by O, 100 b s fusgprocusiin ) as follows:
For each j down from k to 1, and for each i from 1 to n,
assign:

a3

<

AUGMAK, 10,13 PU |y, ).y B | Hi-115 Yet.)) i€ Lyiy
ifie Lyy NHys -
ifie ~£$/‘y N '7’{v\s

firi R), j+1

F g5y 0rtish

3) Return the estimated message Mitnsntuy|-1#6snciyllik) =

Uty snLyy \R[K]

Constructions B and C can also be used for communica-
tion over broadcast channels in Marton’s region, see for
example Goela and Gastpar, “Polar Codes For Broadcast
Channels”, supra; and Mondelli et al., “Achieving Marton’s
Region For Broadcast Channels Using Polar Codes”, supra.
Constructions B and C may improve on these previous
results since they provably achieve the capacity with linear
storage requirement.

Construction C may achieve the capacity of Theorem 4
with low complexity, without the degradation requirement
of the Property for Capacity Maximization. This result was
stated in Theorem 5. The proof of Theorem 5 follows
directly from Theorem 7 and the fact that the rate loss may
vanish with large values of k. Construction C may be useful
for the realistic model of flash memory-rewriting of
Example 1, using the appropriate capacity-achieving func-
tions p(vls) and x(v, s).

IV. Example Embodiments

The following descriptions are for the accompanying
drawing illustrations, in which FIG. 1 is a flow diagram that
illustrates operations that may be performed in a memory
device constructed according to various examples for decod-
ing a data message as disclosed herein, and more particu-
larly, shows example data encoding operations to encode a
data value into a codeword according to Construction A. In
additional drawings, FIG. 2 is a flow diagram that illustrates
operations that may be performed in a memory device
constructed according to various examples for decoding a
data message as disclosed herein, and more particularly,
represents example decoding operations to recover a data
value from a codeword according to Construction A. FIG. 3
is a flow diagram that illustrates operations that may be
performed in a memory/data device constructed according to
various examples for encoding a data message as disclosed
herein, and more particularly, represents example data
encoding operations to encode a data value into a codeword
according to Example 1. FIG. 4 is a flow diagram that
illustrates operations that may be performed in a memory
device constructed according to various examples for decod-
ing a data message as disclosed herein, and more particu-
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larly, represents example decoding operations to recover a
data value from a codeword according to Example 1. FIG.
5 is a flow diagram that illustrates operations that may be
performed in a memory device constructed according to
various examples for encoding a data message as disclosed
herein, and more particularly, represents example data
encoding operations to encode a data value into a codeword
according to Example 2. FIG. 6 is a flow diagram that
illustrates operations that may be performed in a memory
device constructed according to various examples for decod-
ing a data message as disclosed herein, and more particu-
larly, represents example decoding operations to recover a
data value from a codeword according to Example 2. The
operations of FIGS. 1, 2, 3, 4, 5, 6 may performed, for
example, by the device embodiments illustrated in FIGS. 7,
8, 9, as described further below.

FIG. 1 shows an example method 100 of operating a data
device constructed in accordance with the presently dis-
closed technology for a processor to generate a codeword
from a message received over a communications channel.
As noted above, the FIG. 1 operations may correspond to the
technique described above in connection with Construction
A, for the example encoding scheme. The method 100 may
include one or more operations, actions, or functions as
illustrated by one or more of the blocks 105, 110, 115, 120,
125, and 130. Although illustrated as discrete blocks in FIG.
1, the various blocks may be divided into additional blocks,
combined into fewer blocks, supplemented with further
blocks, modified, or eliminated, depending on the particular
implementation.

At the block 105, the process can be started. The block
105 can be followed by the next block 110, “Receive a
message”, where an input message m may be received. In
some examples, the received message m is to be encoded
and stored in data storage, where the message m may
comprise a sequence of bits received over a message chan-

nel, and may be designated as my,; , E{0,1}7*"xvl,
The FIG. 1 block 110 can be followed by the block 115, an
operation to generate a codeword. In some examples, a
codeword u can be generated, bit by bit, according to the
operations illustrated in the block 115:

For i from 1 to n, successively, set

u € {0, 1} with probability

Puilvg-g (e ugrp) e
e i Hy NLxy) fieHy N Ly’
f,(;xHXngﬂy) ifie Hx Ly

The block 115 can be followed by the block 120, where a
value v may be calculated such that the codeword x;,, =,
G,, is transmitted.

The block 120 can be followed by the block 125, in which
the vector u formed by the preceding operations can be
stored. In some examples, the operation of block 125 may
comprise:

The vector v, ¢z is transmitted separately using a
linear, non-capacity-achieving polar code with a uni-
form input distribution.

In light of the present disclosure, those skilled in the art will
understand how to store the vector u using the noted polar
code with a uniform input distribution. The operation of the
memory device can be continued from the block 125 with
additional operations at the block 130.
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The operations of FIG. 1 illustrate receipt of a message
comprising a value to be encoded. A codeword as discussed
above may be generated that satisfies the constrained opera-
tion disclosed, in which the codewords are configured for
representation by multiple cells such that, once a cell value
is changed from logic “0” to logic “1”, the value of that cell
may remain at logic “17, even if the corresponding stored
data value is changed.

FIG. 2 shows an example method 200 of operating a data
device constructed in accordance with the presently dis-
closed technology for a processor to produce an estimated
message (e.g., a recovered message) by decoding a message
(e.g., a noisy vector) received over a communications chan-
nel. That is, FIG. 2 shows example operations of a data
device in which the data device receives a message com-
prising binary digits that correspond to an encoded data
value. The received message can be estimated as an original
source data value that was encoded, along with a noise term
that represents error in the communications channel. As
noted above, the FIG. 2 operations may correspond to the
technique described above in connection with Construction
A, for the example decoding scheme. The method 200 may
include one or more operations, actions, or functions as
illustrated by one or more of the blocks 205, 210, 215, 220,
225, and 230. Although illustrated as discrete blocks in FIG.
2, various blocks may be divided into additional blocks,
combined into fewer blocks, supplemented with further
blocks, modified, or eliminated, depending on the particular
implementation.

At the block 205, the process can be started. The block
205 can be followed by the next block 210, “Receive a
message . . . ,” where an input message is received, that may
comprise a vector y that is to be decoded to recover a data
value. The vector y may be represented to include a noise
term from the data channel over which the data message is
received, where vector y can be represented as y,,{0,1}".
The block 210 can be followed by the block 215, “Estimate
the vector u . . . ”, where an estimated value u representing
the original data value can be generated in a bitwise manner.
In some examples, the vector u estimation may be given by

estimating the vector “§yr#§ by g ynng The block 215
can be followed by the block 220, “Estimate the vector
u...”. In some examples, the estimate u may be calculated
bit by bit, according to:

Estimate the vector u by: For i from 1 to n, set:

argma)&ego,upui‘u[FI],y[n] (u] uii-11> Yin)) ifie Lxy
W= ﬁ,{;ngﬂymﬂ%) ifie Lyy NHx .
Sty negyy) ifie Ly NH

The block 220 can be followed by the block 225, “Return the
estimated message m” where an estimated message value m
(the estimated original source data value) may be deter-
mined and returned. In some examples, the estimated mes-

sage may be determined as:

Return the estimated message pzexncyyl) = YHxOLxy
The operation of the memory device can be continued with
additional operations at the block 230.

The data operations of FIG. 2 may receive a message
comprising one or more values to be decoded, such that the
message is received that may comprise a codeword as
discussed above, wherein the codeword was generated in a
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process suitable for an asymmetric channel with a memory
cell input x and a memory cell output of y, wherein the
number of memory cells may be n. For Construction A,
which can be achieved through the FIG. 2 operations, the
previous state of the memory cell may not be considered.
Thus, the codewords may be configured for representation
by multiple cells such that, once a cell value is changed from
logic “0” to logic “1”, the value of that cell can be rewritten
to either logic “0” or logic “17, so that the received code-
word may be decoded and an estimate m of the original
stored value may be recovered.

FIG. 3 illustrates an example method 300 of operating a
data device constructed in accordance with the presently
disclosed technology for a processor to generate a codeword
from a message received over a communications channel.
The method 300 may include one or more operations,
actions, or functions as illustrated by one or more of the
blocks 305, 310, 315, 320, 325, and 330. Although illus-
trated as discrete blocks in FIG. 3, various blocks may be
divided into additional blocks, combined into fewer blocks,
supplemented with further blocks, modified, or eliminated,
depending on the particular implementation.

At the block 305, the process can be started. The block
305 can be followed by the next block 310, “Receive a
message m . . . and a state s . . . ”, where an input message
and a state may be received. In some examples, the message
m is to be encoded and stored in a data storage, where the

message m may be designated as MHysnlyy] €

{0,13s"viv! and where the state s may be designated

sp,E10.1}". The block 310 can be followed by the block

315, in which a codeword can be generated. In some

examples, a codeword u can be generated, bit by bit,

according to the operations illustrated in the block 315:
For each i from 1 to n, assign:

u € {0, 1} with probability
ifie Hy
Puifug- 1S @ i, ) g "
ifie Hyis (1 Lyy*

ifie Hyis N Lyy

i Hy s Ly )

f'(ivﬂvwsﬂif/\y)

The block 315 can be followed by the block 320, where a
value v can be calculated according to the following:

Calculate v,,;=u;,,G,, and for each i€[n], store the value

XV, s,), comprising a codeword x,,€{0,1}".

The block 320 can be followed by the block 325, in which
the vector u formed by the preceding operations can be
stored. In some examples, the operation of block 325 may
comprise:

Store the vector "§yn# separately using a linear, non-
capacity-achieving polar code with a uniform input
distribution.

In light of the present disclosure, those skilled in the art will
understand how to store the vector using the noted polar
code with a uniform input distribution. The operation of the
memory device can be continued from the block 325 with
additional operations at the block 330.

The operations of FIG. 3 illustrate receipt of a message
comprising a value to be encoded. A codeword as discussed
above may be generated that satisfies the constrained opera-
tion disclosed, in which the codewords are configured for
representation by multiple cells such that, once a cell value
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is changed from logic “0” to logic “1”, the value of that cell
may remain at logic “17, even if the corresponding stored
data value is changed.

FIG. 4 illustrates an example method 400 of operating a
data device constructed in accordance with the presently
disclosed technology for a processor to produce an estimated
message (e.g., a recovered message) by decoding a message
(e.g., a noisy vector) received over a communications chan-
nel. For instance, FIG. 4 shows example operations of a data
device in which the data device may receive a message
comprising binary digits that correspond to an encoded data
value, along with noise that represents error in the commu-
nications channel. As noted above, the FIG. 4 operations
may correspond to the decoding technique described above
in connection with Example 1. The method 400 may include
one or more operations, actions, or functions as illustrated
by one or more of the blocks 405, 410, 415, 420, 425, and
430. Although illustrated as discrete blocks in FIG. 4,
various blocks may be divided into additional blocks, com-
bined into fewer blocks, supplemented with further blocks,
modified, or eliminated, depending on the particular imple-
mentation.

At the block 405, the process can be started. The block
405 can be followed by the next block 410, “Receive a
message . . . ,” where an input message may be received that
comprises a vector y that is to be decoded to recover a data
value. Vector y may include noise from the communications
channel over which the data message is received, where
vector y can be represented as y,;€{0,1}". The block 410
can be followed by the block 415, “Estimate a vector
u...”, where an estimated value u representing the original
data value can be generated in a bitwise manner. In some
examples, the vector u estimation may be given by estimat-

~

ing the vector “fyn™s by Uelyn%s The block 415 can
be followed by the block 420, “Estimate vectoru . . . ”. In
some examples, the estimate u may be calculated bit by bit,
according to:

Estimate uy,; by 0p,1(Y[,.1» fngpeoeesn ) as follows: For each
i from 1 to n, assign:

AUGMAK, 10,13 P U us_y ¥ | Hi-11> i) T € Lyyy
ifie Lyy NHys .
ifie Lyy NHyjs

b = ’}'("vif/\yﬂﬂ\cfxs)

F.25y 01rs)

The block 420 can be followed by the block 425, “Return the
estimated message m,” where an estimated message value m
(the estimated original source stored value) may be deter-
mined and returned. In some examples, the estimated mes-
sage may be determined as:

the estimated ﬁl[\‘ﬂ‘wsnﬁvm] =Usty snLyy
The operation of the memory device can be continued with
additional operations at the block 430.

The data operations of FIG. 4 may receive a message
comprising one or more values to be decoded, such that the
message is received that may comprise a codeword as
discussed above, wherein the codeword was generated in a
process that may satisfy the constrained operation disclosed,
and in which the codewords may be configured for repre-
sentation by multiple cells such that, once a cell value is
changed from logic “0” to logic “1”, the value of that cell
may remain at logic “17, even if the corresponding stored
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data value is changed. The received codeword may be
decoded and an estimate m of the original stored value may
be recovered.

FIG. 5 shows an example method 500 of operating a data
device constructed in accordance with the presently dis-
closed technology for performing operations in a memory
device constructed according to various examples for encod-
ing a data message and, more particularly, represents
example data encoding operations to encode a data value
into a codeword according to Example 2. The method 500
may include one or more operations, actions, or functions as
illustrated by one or more of the blocks 505, 510, 515, 520,
525, and 550. Although illustrated as discrete blocks in FIG.
5, various blocks may be divided into additional blocks,
combined into fewer blocks, supplemented with further
blocks, modified, or eliminated, depending on the particular
implementation.

At the block 505, the process can be started. The block
505 can be followed by the next block 510, where an input
data message may be received, the message comprising a
value m and a state s, and m is a value that is to be encoded
and stored in data storage, where a message

T atysntvivl= 13675025 11D €{0,1

YelHnsnlyy = Hinshlowl 204 state s[n],[k]E{O,l}k" may be

received as input, for R an arbitrary subset H ;N £ 5 of
size | H ;,5°N £ 4,71, The block 510 can be followed by the
block 515, where a codeword u may be generated, bit by bit,
according to the operations illustrated in the block 515:

Let up,; 0€{0,1}” be an arbitrary vector. For each j from
1 to k, and for each i from 1 to n, assign:

u €40, 1} with probability
P 01154 @ 1460+ 5tm1) e His

ifie (Hys N Lyy)\R
ifie R

ifie Hys N Lyy

ity 501 Lyjy i
Ui 1Ly L

Jirty sy )i

The block 515 can be followed by the block 520, where a
value v may be calculated according to:

Foreachj from 1 to k calculate v;,; =u;,, G, and for each

i€(n],

store the value X, (v, , s, ), a codeword x,,, ,E{0,1}*".

The block 520 can be followed by the block 525, in which
the vector x formed by the preceding operations can be
stored. The operation of block 525 may comprise:

Store the vector ¥gnzy, k separately using a non-capac-
ity-achieving polar code with a uniform input distribu-
tion.

Those skilled in the art having the benefit of the present
disclosure will understand how to store the vector using the
noted polar code with a uniform input distribution. The
operation of the memory device can be continued at the
block 550.

Thus, the data operations of FIG. 5 may receive a data
message comprising a value to be encoded, and then a
codeword as discussed above may be generated that satisfies
the constrained operation disclosed, in which the codewords
may be configured for representation by multiple cells such
that, once a cell value is changed from logic “0” to logic “1”,
the value of that cell may remain at logic “1”, even if the
corresponding stored data value is changed.
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FIG. 6 shows an example method 600 of operating a data
device constructed in accordance with the presently dis-
closed technology for performing operations in a memory
device constructed according to various examples for decod-
ing a data message and, more particularly, represents
example data decoding operations to decode a codeword
into an estimated recovered data value according to Example
2. For instance, FIG. 6 shows example operations of a data
device in which the data device may receive a message
comprising binary digits that may correspond to an encoded
data value, along with noise that may represent error in the
communications channel. The method 600 may include one
or more operations, actions, or functions as illustrated by
one or more of the blocks 605, 610, 615, 620, 625, and 630.
Although illustrated as discrete blocks in FIG. 6, various
blocks may be divided into additional blocks, combined into
fewer blocks, supplemented with further blocks, modified,
or eliminated, depending on the particular implementation.

At the block 605, the process can be started. The block
605 can be followed by the next block 610, where an input
data message may be received, the message comprising a
vector value y that is to be decoded to recover a data value,
where y may include noise from the data channel over which
the data message is received, and a noisy vector y;,; €10,
1}*n, and the operations of FIG. 6 may return an estimated
message or data value m comprising the original source
stored value. The block 610 can be followed by the block
615, where an estimated value u representing the original
data value may be generated, bit by bit, where the
vector U estimation may be given by estimating the vector
Uz, fnaya OY Up,e o and by letting O o =07 enz, o4 The
block 615 can be followed by the block 620, where the
estimate u may be calculated bit by bit, according to one of
the three operations illustrated in the block 620:

Bstimate up,y g bY Op 9V, Tizpynmgnim) as fol-

lows: For each j down from k to 1, and for each i from
1 to n, assign:

AGMAK, 10,13 Py oy B | Hi-10s Yout.)) Ui € Lyiy
i =4 g et ifie Ly N His .

fr(i,Lf,‘yﬂ(Hv‘s),j ifie Lyy NHys

The block 620 can be followed by the block 625, where
an estimated message value m (the estimated original
source stored value) may be returned according to a
calculation such  that the estimated message
ﬁl[‘stﬁLwy‘—‘HWSCQLWYC‘]s[k]: ﬁ(HV\sﬁLwy)\R,[k]’ which may be
returned. The operation of the memory device can be
continued with additional operations at the block 630.

Thus, the data operations of FIG. 6 may receive a data
message comprising a value to be decoded, such that a
codeword as discussed above may be received, wherein the
codeword is generated in a process that may satisfy the
constrained operation disclosed, in which the codewords
may be configured for representation by multiple cells such
that, once a cell value is changed from logic “0” to logic “1”,
the value of that cell may remain at logic “1”, even if the
corresponding stored data value is changed. The received
codeword may be decoded and an estimate m of the original
stored value may be recovered.

FIG. 7 is an illustration of one embodiment of a memory
device constructed in accordance with the presently dis-
closed technology. A memory device such as a data device
708 of FIG. 7 may include a memory 702 and a memory
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controller 704, and may be coupled to a host device 706. The
memory 702 and the host device 706 may each be coupled
to the memory controller 704. The memory controller 704
may include a memory interface 712, a host interface 714,
a data buffer 716, an error correction code (ECC) block 718,
and a processor 710. The host device 706 can be coupled to
the host interface 714 of the memory controller 704. The
processor 710 can be implemented as a microcontroller,
microprocessor, processor core, custom designed logic, or
any other appropriate device that can be configured to
cooperate with the memory interface 712 and host interface
714 in accordance with various aspects of the present
disclosure.

FIG. 7 shows that the memory 702 can be accessed by the
memory controller 704, which is also arranged to commu-
nicate with the host device 706. The memory 702 may be
used to store data that is represented in accordance with a
block erasure-avoiding scheme such as described herein.
The memory 702 may be implemented, for example, as a
flash memory device having a plurality of memory cells in
which the data, comprising one or more binary digits (bits),
may be stored.

The memory 702 and memory controller 704 may coop-
eratively operate as the data device 708 that may be external
to the host device 706 or may be integrated with the host
device 706 into a single component or system. For example,
the data device 708 may comprise a flash memory device
(such as a “thumb drive”) that communicates with the host
device 706 embodied as a host computer, via a USB con-
nection, or the data device 708 may comprise a solid state
drive (SSD) device that stores data for a host computer.
Alternatively, the data device 708 may be integrated with a
suitable host device 706 to comprise a single system or
component with memory employing a block erasure-avoid-
ing scheme, such as a smart phone, network router, MP3
player, or other device.

The memory controller 704 may be operable under con-
trol of the processor 710, which may be configured to
manage communications with the memory 702 via a
memory interface 712. The processor 710 may also be
configured to manage communications with the host device
706 via the host interface 714. Thus, the memory controller
704 may be configured to manage data transfers between the
host device 706 and between the memory 702 and the host
device 706. The memory controller 704 also includes the
data buffer 716 in which data values may be temporarily
stored for transmission between the memory 702 and the
host device 706. The memory controller 704 may also
include the error correcting code (ECC) block 718 in which
data may be maintained. For example, the ECC block 718
may be embodied as a storage device that may comprise data
and program code to perform error correction and data
encoding/decoding operations for a block erasure-avoiding
scheme. The ECC block 718 may contain parameters for the
error correction code to be used for the memory 702, such
as programmed operations for translating between received
symbols and error-corrected symbols, or the ECC block may
contain lookup tables for codewords or other data, or the
like. As described herein, the symbols, codewords, data, and
the like that are transmitted and transferred between the
components described herein may comprise multiple binary
digits (“bits”). The memory controller 704 may perform the
operations described above for decoding data and for encod-
ing data. The data buffer 716, ECC 718, and processor 710
may be interconnected with, and linked to, the host interface
714 and the memory interface 712. The interfaces 712, 714
and all connections between the components described in
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connection with the embodiments may comprise, for
example, multiple physical circuit connections, such as
multiple electrically-conducting connections. The connec-
tions between components may also or alternatively com-
prise, for example, optical connections, radio frequency
connections, and other techniques for communicating, trans-
mitting, and transferring bits between components.

The operations described above for operating a data
device, for reading data from a device, for programming a
data device, and encoding and decoding, can be carried out
by the operations depicted in FIGS. 1-6, and/or by other
operations, which can be performed by the processor 710
and associated components of the data device 708. For
example, in an implementation of the block erasure-avoid-
ing scheme in a USB thumb drive, all the components of the
data device 708 depicted in FIG. 7 may be contained within
the USB thumb drive.

The processing components such as the memory control-
ler 704 and the processor 710 may be implemented accord-
ing to various embodiments in the form of control logic in
software or hardware or a combination of both, and may
comprise processors that execute software program instruc-
tions from program memory, or as firmware, or the like. The
host device 706 may comprise a computer apparatus. A
computer apparatus also may carry out the operations of
FIGS. 1-6 and/or other operations in some embodiments.

FIG. 8 is a block diagram of an example computer
apparatus to perform the operations of FIGS. 1-6 for com-
municating with a memory device such as depicted in FIG.
7. For instance, FIG. 8 is a block diagram of a computer
system 800 sufficient to perform as a host device (such as the
host device 706) and sufficient to perform the operations of
FIGS. 1-6 and/or other operations. The computer system 800
may incorporate embodiments of the presently disclosed
technology and perform the operations described herein.
The computer system 800 typically may include one or more
processors 805, a system bus 810, storage subsystem 815
that includes a memory subsystem 820 and a file storage
subsystem 825, user interface output devices 830, user
interface input devices 835, a communications subsystem
840, and other components, all of which may be operatively
coupled to each other.

In various embodiments, the computer system 800 may
include computer components such as the one or more
processors 805. The file storage subsystem 825 can include
a variety of memory storage devices, such as a read only
memory (ROM) 845 and random access memory (RAM)
850 in the memory subsystem 820, and direct access storage
devices such as disk drives. As noted, the direct access
storage device may comprise a block erasure-avoiding data
device that operates as described herein.

The user interface output devices 830 can comprise a
variety of devices including flat panel displays, touch-
screens, indicator lights, audio devices, force feedback
devices, or other devices. The user interface input devices
835 can comprise a variety of devices including a computer
mouse, trackball, trackpad, joystick, wireless remote, draw-
ing tablet, voice command system, eye tracking system, or
other devices. The user interface input devices 835 may
typically allow a user to select objects, icons, text and the
like that appear on the user interface output devices 830 via
a command such as a click of a button or the like.

Embodiments of the communication subsystem 840 typi-
cally include an Ethernet card, a modem (telephone, satel-
lite, cable, ISDN), (asynchronous) digital subscriber line
(DSL) unit, FireWire (IEEE 1394) interface, USB interface,
or other devices. For example, the communications subsys-
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tem 840 may be coupled to communications networks and
other external systems 855 (e.g., a network such as a LAN
or the Internet), to a FireWire bus, or the like. In other
embodiments, the communications subsystem 840 may be
physically integrated on the motherboard of the computer
system 800, may include a software program, such as soft
DSL, or the like.

The RAM 850 and the file storage subsystem 825 are
examples of tangible non-transitory media configured to
store data such as error correction code parameters, code-
words, and program instructions to perform the operations
described herein in response to execution by the one or more
processors, including executable computer code, human
readable code, or the like. Other types of tangible non-
transitory media may include program product media such
as floppy disks, removable hard disks, optical storage media
such as CDs, DVDs, and bar code media, semiconductor
memories such as flash memories, read-only-memories
(ROMs), battery-backed volatile memories, networked stor-
age devices, and the like. The file storage subsystem 825
may include reader subsystems that can transfer data from
the program product media to the storage subsystem 815 for
operation and execution by the processors 805.

The computer system 800 may also include software that
enables communications over a network (e.g., the commu-
nications network and other systems 855) such as the DNS,
TCP/IP, UDP/IP, and HTTP/HTTPS protocols, and the like.
In other embodiments, other communications software and
transfer protocols may also be used, for example IPX, or the
like.

Many other hardware and software configurations are
suitable for use with the presently disclosed technology. For
example, the computer system 800 may have a desktop,
portable, rack-mounted, or tablet configuration. Addition-
ally, the computer system 800 may be a series of networked
computers. Further, a variety of microprocessors are con-
templated and are suitable for the one or more processors
805, such as PENTIUM™ microprocessors from Intel Cor-
poration of Santa Clara, Calif., USA; OPTERON™ or
ATHLON XP™ microprocessors from Advanced Micro
Devices, Inc. of Sunnyvale, Calif., USA; or others. Further,
a variety of operating systems are contemplated and are
suitable, such as WINDOWS®, WINDOWS XP®, WIN-
DOWS VISTA®, or the like from Microsoft Corporation of
Redmond, Wash., USA, SOLARIS® from Sun Microsys-
tems, Inc. of Santa Clara, Calif., USA, various Linux and
UNIX distributions, or others. In still other embodiments,
the techniques described above may be implemented upon a
chip or an auxiliary processing board (e.g., a programmable
logic device or graphics processor unit).

The presently disclosed technologies can be implemented
in the form of control logic in software or hardware or a
combination of both. The control logic may be stored in an
information storage medium as a plurality of instructions
adapted to direct an information-processing device to per-
form a set of operations disclosed in embodiments of the
presently disclosed technology. Based on the disclosure and
teachings provided herein, other ways and/or methods to
implement the presently disclosed technology are possible.

The block erasure-avoiding schemes described herein can
be implemented in a variety of systems for encoding and
decoding data for transmission and storage. That is, code-
words may be received from a source over an information
channel according to a block erasure-avoiding scheme and
may be decoded into their corresponding data values and
may be provided to a destination, such as a memory or a
processor, and data values for storage or transmission may
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be received from a source over an information channel and
may be encoded into a block erasure-avoiding scheme.

The operations of encoding and decoding data according
to a block erasure-avoiding scheme can be illustrated as in
FIG. 9, which shows data flow in a memory device 902 that
operates according to the block erasure-avoiding schemes
described herein. In FIG. 9, the device includes a data
modulation (DM) controller 904 that may be configured to
store and retrieve information values 906 using a block
erasure-avoiding scheme. The DM controller 904 may
include an encoder/decoder 908 for encoding data values
into codewords and decoding codewords into data values.
The DM controller 904 may encode data values and may
provide codewords to a source/destination block 910, and
may decode codewords from the source/destination block
910 and may provide corresponding data values. The two-
way nature of the data flow is indicated by the double-ended
arrows labeled “data values” 912 and “codewords” 914. The
DM controller 904 may include interfaces through which the
DM controller 904 may receive and may provide the data
values and the information values (codewords). The arrows
912, 914 represent the interfaces through which the data
values and codewords may be received and provided, and
which collectively may comprise a communications chan-
nel.

The information values 906 may comprise the compo-
nent(s) for physically representing data comprising the data
values and codewords. For example, the information values
906 may represent charge levels of memory cells, such that
multiple cells may be configured to operate as a virtual cell
in which charge levels of the cells may determine a permu-
tation of the block erasure-avoiding schemes. Data values
may be received and encoded by the encoder/decoder 908 to
permutations of a block erasure-avoiding scheme and charge
levels of cells may be adjusted accordingly, and codewords
may be determined by the encoder/decoder 908 according to
cell charge levels, from which a corresponding data value
may be determined. Alternatively or additionally, the infor-
mation values 906 may represent features of a transmitted
signal, such as signal frequency, magnitude, or duration,
such that the cells or bins may be defined by the signal
features and determine a permutation of the block erasure-
avoiding schemes. Other schemes for physical representa-
tion of the cells are possible in view of the description
herein.

The present disclosure is not to be limited in terms of the
particular embodiments described in this application, which
are intended as illustrations of various aspects. Many modi-
fications and variations can be made without departing from
its spirit and scope. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to
those enumerated herein, are possible from the foregoing
descriptions. Such modifications and variations are intended
to fall within the scope of the appended claims. The present
disclosure is to be limited only by the terms of the appended
claims, along with the full scope of equivalents to which
such claims are entitled. This disclosure is not limited to
particular methods, reagents, compounds compositions or
biological systems, which can, of course, vary. The termi-
nology used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting.

With respect to the use of substantially any plural and/or
singular terms herein, those having skill in the art can
translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or
application. The various singular/plural permutations may
be expressly set forth herein for sake of clarity.
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In general, terms used herein, and especially in the
appended claims (e.g., bodies of the appended claims) are
generally intended as “open” terms (e.g., the term “includ-
ing” should be interpreted as “including but not limited to,”
the term “having” should be interpreted as “having at least,”
the term “includes” should be interpreted as “includes but is
not limited to,” etc.). If a specific number of an introduced
claim recitation is intended, such an intent will be explicitly
recited in the claim, and in the absence of such recitation no
such intent is present. For example, as an aid to understand-
ing, the following appended claims may contain usage of the
introductory phrases “at least one” and “one or more” to
introduce claim recitations. However, the use of such
phrases should not be construed to imply that the introduc-
tion of a claim recitation by the indefinite articles “a” or “an”
limits any particular claim containing such introduced claim
recitation to embodiments containing only one such recita-
tion, even when the same claim includes the introductory
phrases “one or more” or “at least one” and indefinite
articles such as “a” or “an” (e.g., “a” and/or “an” should be
interpreted to mean “at least one” or “one or more”); the
same holds true for the use of definite articles used to
introduce claim recitations. In addition, even if a specific
number of an introduced claim recitation is explicitly
recited, such recitation should be interpreted to mean at least
the recited number (e.g., the bare recitation of “two recita-
tions,” without other modifiers, means at least two recita-
tions, or two or more recitations). Furthermore, in those
instances where a convention analogous to “at least one of
A, B, and C, etc.” is used, in general such a construction is
intended in the sense as would be understood for the
convention (e.g., “a system having at least one of A, B, and
C” would include but not be limited to systems that have A
alone, B alone, C alone, A and B together, A and C together,
B and C together, and/or A, B, and C together, etc.). In those
instances where a convention analogous to “at least one of
A, B, or C, etc.” is used, in general such a construction is
intended in the sense as would be understood for the
convention (e.g., “a system having at least one of A, B, or
C” would include but not be limited to systems that have A
alone, B alone, C alone, A and B together, A and C together,
B and C together, and/or A, B, and C together, etc.). Any
disjunctive word and/or phrase presenting two or more
alternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possi-
bilities of including one of the terms, either of the terms, or
both terms. For example, the phrase “A or B” will be
understood to include the possibilities of “A” or “B” or “A
and B.”

In addition, where features or aspects of the disclosure are
described in terms of Markush groups, the disclosure is also
thereby described in terms of any individual member or
subgroup of members of the Markush group.

For any and all purposes, such as in terms of providing a
written description, all ranges disclosed herein also encom-
pass any and all possible subranges and combinations of
subranges thereof. Any listed range can be easily recognized
as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters,
fifths, tenths, etc. As a non-limiting example, each range
discussed herein can be readily broken down into a lower
third, middle third and upper third, etc. All language such as
“up to,” “at least,” “‘greater than,” “less than,” and the like
include the number recited and refer to ranges which can be
subsequently broken down into subranges as discussed
above. Finally, a range includes each individual member.
Thus, for example, a group having 1-3 cells refers to groups
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having 1, 2, or 3 cells. Similarly, a group having 1-5 cells
refers to groups having 1, 2, 3, 4, or 5 cells, and so forth.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments are possible.
The various aspects and embodiments disclosed herein are
for purposes of illustration and are not intended to be
limiting, with the true scope and spirit being indicated by the
claims listed below.

APPENDIX A

In this appendix, Theorem 6 is proved. A similar result
was proved in Heegard, “On The Capacity Of Permanent
Memory,” supra; Theorem 4. A different proof is shown
here. An upper bound on the capacity can be obtained by
assuming that the state information may be available also to
the decoder. In this case, the coding scheme may ignore a
fraction  of the cells, and the rest of the cells may be coded
according to a binary symmetric channel with an input cost
constraint. For this channel:

HYX)=h(a)p(x=0)+h(c)p(x=1)=h(c0).

Furthermore:

pr(1) = prix(L10px(0) + pyix (1] Dpx (1)
=a(l -px(I)+(1-a)px(l)

=axpx(l).

To increase the cost constraint on the cells with state s,=0,
it is possible to assign a channel input x,=0 for the cells with
state s,=1. This way, the cost constraint on the cells with state
s,=0 may become £=B/(1-p). Since p,(1)=e=2 and a*p,(1)
may be increasing in py{1) below %3, it follows that p,(1)
=a*e=Y and therefore also that H(Y)<h(a*e). So as a result:

max/(X;Y)=max (H(Y)- H(Y | X)) = h{a x&) — h(a).
plx) px)

This completes the proof of the upper bound.
The lower bound may be obtained by considering the
selections v={0,1}, x(v,0)=v,x(v,1)=0 and:

el-a)

5
ExQ

14

pyis(L10) =&, pys(L| 1) =

and calculating the rate expression directly. Notice first that
the cost constraint may be met since:

2x(1)=px(110)p5(0)=p(110)p5(0)=e(1-B)=B.

Next, show that H(VIS)-H(VIV)=(1-8)[H(a*e)-H(a)].
Given the distributions pg and py,s, the conditional entropy
H(VIS) may be:

HV )= ) psoHV|S=5)
s€{0,1}

=psOHWV [S=0)+ps(DHV|S=1)

(1 —w))

ExQ

=(1-BH() + ﬁ’H(
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To compute the conditional entropy H(VIY), first com-
pute the probability distribution of the memory output Y as
follows:

py(0) = Z privs (@1 v, Opyis(v ] 0)ps(0)
ve{0,1}

=(1-A(l-a)]l -2) +as)
=1 -Plaxl-e),
pr(1)=1-py(0)

=1 -Plaxs)+p.
The conditional distribution py,y is given by:

pyir(110)= Z pysir(L, 510)
s€{0,1}
prvs(Q1 L, s)pys(L, s)
pr(0)

privs(01 L, s)pyis(L | s)ps(s)
py(0)

se{0,1}

se{0,1}
ae

Tax(l-g)’

pyy(LI D)= Z pysiy(L,s11)

se{0,1}

prvs(L| 1, s)pys(L, s)

sE0,1} py()
privs(L1 1, s)pyis(1 | s)ps(s)
sE01) pr()
(-t - p+ 2= p
— ExQ
(1-Plaxa)+p
B el-a)
T oexa
Therefore:
HVIY) = > prHV Y =y)
yelo,1}
e
=(1-Bllax(l —e))H(m)+
gl -a)
(- praeeni =]

and then:

HV | $)= H(V 1Y) = (L= B H(@) - (@ (1 - e)H(

(w*s)H(E(l —®) )]

ExQ

oz*(oig—g))_

=(1 —ﬁ)[H(s) + ozslogz% +
(l-a)(l-2)
(1 -a)1 —s)logzm

(1 -2) el -

ax&

a(l - e)log, +&(1 —alog,

a
axe
=1 - pPlH(a=e)+ H(e) + aslogy(ae) +
1 -1 -a)log,(1 —a)(1-&)+
a(l —olog,a(l — &) + (1 — logye(l — )]
= (1 - PIH(a x&) + H(e) - H(a) - H(e)]
= (1 -PH(a@ &) - H(a)].
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APPENDIX B

In this appendix Lemma 6a is proved. It can be shown
that, using the functions of Theorem 6, there may exist a s
DMC W: {0,1}>*—{0,1}* such that:

DPsiASV)=Z 0,120 (Y)W sly). (1s)
To identify such channel W, first notice that:
10
PY\V,s(lWao)PVvs(x‘o):(s*a)PVvs(x‘1)- (16)
Equation (16) may follow directly from Equation (9)
since:
15
priv,s10,0pys(010) _ al-2) _ .
pyvis(01 1) Tall-o) T ’
ExQ
20
prvsUILOpys10) _ d-ae
pyis(LI 1) T d-we '
ExQ
25

Next, assume that

pvsv, 1) B
pry, DT (era)1- P+ 8

30

for any v&{0,1}, and therefore that

35

pv.s(v, 1)
: 0, 1].
pyy(v, 1) el

This follows from: 40

py,s(v, 1) @ pyis(v| Dps(1)
pvy(, 1) pryis(L, v 0)ps(0) + pryis(l, v Dps(l)

45
@ pyistv | DB Ipyy.s(L v, Wpyisv [ 01 - B +
pywv,s(L1v, DpysCx | DA]

@ pyis(v| DB
(exa)pyis(v| (1 = B) + pyis(v | B

s
exa)I-p)+p

50

where (a) follows from the law of total probability, (b)
follows from the definition of conditional probability, and
(c) follows from Equations (8) and (16).

Since
60

pv.s(v, 1)
pyy(v, 1)

may not be a function of x and may be in [0,1], W can be
provided as per the following:

34
1 if (s, ) =(0,0)
1
T
WOIDEY iy '
oy =D
0 if (s, ) =(1,0)

Next, show that Eq. (15) holds for W provided above:

Z priv(y [ W(s|y)=pyv O MW(s| 0+ pyy(L [ vW(s| 1)
yelo,1}

o 22002
1[s =01+ pyy (1 [ nlis=1]

=[1=psy (LI WILfs =01+ pyw (L [ ls =1]

=psy @ Ws =01+ pyy (1 [M1s=1]

= psiv(s|v).

So, the channel W may satisty Equation (15) and thus the
lemma holds.

APPENDIX C

In this appendix Theorem 7 is proved. The complexity
claim of Theorem 7 is explained in Honda and Yamamoto,
“Polar Coding Without Alphabet Extension For Asymmetric
Models,” supra, at Section I1I.B. The proof may begin with
the asymptotic rate of Construction B. It is intended to show

that lim, ,(1/n) | £ ,,;°NH ,,°1=0. Since pgy may be
degraded with respect to py,;, it follows from N. Goela, E.
Abbe, and M. Gastpar, “Polar Codes For Broadcast
Channels”, in Proc. IEEE Int. Symp. on Information Theory
(ISIT), July 2013, pp. 1127-1131, Lemma 4,
that £, C £ ,,,, and therefore that £ ,,;°D L .. So next,
it may be true that:

JE})(U")M@W NHsl < '}Lfg (1/mlLy;s N Hy sl =0,

where the equality follows by the definition of the sets. To
complete the proof of the theorem, in the next subsection it
is shown that the cost may meet the constraint, and then in
Subsection B, Probability of Decoding Error, it is shown that
the decoding error probability may vanish.

A. Expected Input Cost
Provide:

P(X) :Zn:b(xi).

i=1

For a state vector s,; and the encoding rule (10), each
vector up,,; appears with probability:

-1
1_[ P U1y S 4 140105 S |2 Pvsnenl.y ﬂ Ui =ul)
i€ty s ieHysNLY)y
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The expected cost for a frozen vector fj7 7, .7 18
expressed as:

E"(X) = Z P (56 )(

]_[ Pyl g5 @ | =110 S[nl)]
e

ieHf s

M

2 Hysnevivl. g
ieﬂv‘gﬂif/‘y

fi= ui}}bn(u[n]Gn)a

Now assume that the frozen vector is drawn unifor-
mly, and denote its random vector character

by F [#tvsnLyyl] Next, calculate the expectation of the cost
over the random frozen vector, and show that this expecta-
tion satisfies the constraint. The same can be shown for the
probability of error, and it can be shown that there exists at
least one frozen vector that may satisfy both the constraint
and the low error probability. The expectation may be
obtained as:

E, PHX) =
“lrtyscg @Y

E Py (S[n])( 1_[ PU‘.‘U[F”,S[n](Mi|14[;71],S[n])]zf‘ﬂv‘s‘b"(u[n]Gn)-

P ie?(‘c,‘s

Provide the joint pmf:

= P —[H,
IStV = PSp (S[n])( 1_[ PUi{Ug_1) 51 (ui | wgi-1ys S[n])]Z Pivisl,

ie?(‘c,‘s
Then:

@ (x) = DU Gl =

E E
f WSt Vi) [

[Hy)sNLH ]

Epgy iy 10 Ui Gl + maxbo)| Pty vy = sp.vp -

To prove that

_,1/2-6
E V(X)) <B+2" s
sz )@ X

) ) 128 )
it next is shown that: ||pU[ =005, =27 . To show this,
7] [7] 7] []

a slightly stronger relation is proved that can be used also for
the proof of the probability of decoding error. First, the joint
pmf is provided:

q S[n],v[,,{Y[n]Eq St Lo S Lo T D S Voo oy S
&

Then notice that:

= Z | P> Sp)) = Gy Spa)l =

“In]5[7]

2“ Pyinl, S QU151

Z [P(St)s 1> Y1) = @S> Uil Y| =
Iln]

“In]-SIn]
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-continued

2

STl Ve]

|PCSEays Hpn)> Vi) = G0St)s ) Vi)l =

2P St U1 Y1 = 950000 Y1 |

where the inequality follows from the triangle inequality.
And the proof of the expected cost may be completed with
the following lemma, designated LLemma 7a in this proof
that can be related to Theorem 7. The Lemma 7a may be
useful also for the probability of decoding error.

Lemma 7a.

120

1Sty 31~ 901 1 <2 an

Proof: Let D(+||") denote the relative entropy. Then:

2P St 11 = 95 1| =

2

Sl )Y [n]

@
|P(Spa1s s You1) = ASpals Hps Vi)l =

®)
1P | Sp)) = ety | SpI PGS ) POy | ) SE)) =

2

Sl

n n
1_[ plui | ugim1y, Spp) — 1_[ qeti | tji-1, Spny)
; i=1

=1
LETRE

()
PP | U Spp) =

E ‘ Z [P | wgi-1ys Spnp) = qleti | thi-15 Spy)] ‘
;

Sl )Y [n]

i1
P(S[n])]_[ plu | ™, S )
=i

n

[T alos Ll spa)p i 1t st B
=i+l

E E Ip (e | wtgi-11, Spp) — q(eti | wgi-1. spap)l

EHY|S S{n)“n] V)

i1
P(S[n])]_[
=1

ploy |l s )-

n

1_[ qut; | vgjm11, SpDPYE | ¥ i) =
=it

1pC; | ugiz1ys Spp) — gt | g1y Spapl
ieHy |5 S[n]H[i]

i-1

[ TPl ™ spa)pispm ©

=
Z Z P11, S["])ZHPUx"U[i—l]:"[i—l]vs[i—l]zs[i—l] -
ieﬂv‘s S[a]4ji-1]

5)]

Qu|ogyy=wgi 1S 117511 ”

plug-1], Sipp) V 202

EHy|s S 4(i-1]



US 10,379,945 B2

37

-continued
D[ pUi\U[i—u:"[i—lle[i—u:S[i—ll” ] @
Qu|ugi-y=ugi-1 Si-11=s-11
Puglug_ yy=ug-1jsp-1y=spi-11
E (2In2) E plui-1y, S[n])D[

UiV =agi-1)Si-11=S-1)

ieﬂv‘s S[n]H[i-1]
®
Z \/(ZIHZ)D(PU‘-HQU‘- | Ui-1 Spi-17) =
ieHy g
> @I - HUU-, Syl
ieHyg
where:

(a) follows from the fact that p(s},;)=q(s},;) and p(y,jlu,,
8= Vs Sp)>

(b) follows from the chain rule,

(c) follows from the telescoping expansion

n n n
Bpy — Apy = ZA[ifl]B[i:n] - Z A Bt = Z (Bi — ADA- 11 Blivimg»
i1 =) =)

where Ay 4 apd B|,.4j denote the products
B,, respectively,
(d) follows from the triangular inequality and the fact that

k k
,_* A, and IT,_

p(u;lu,"=1,8,)=q(u,lu,’~1,s;,) for all iIE€EH s,

(e) follows from the chain rule again,

() follows from Pinsker’s inequality (see, e.g., supra, Cover
and Thomas, Elements of Information Theory, Lemma
11.6.1),

(g) follows from Jensen’s inequality and

(h) follows from the facts that q(u,lu;,_ )= for iEH ;¢
and from Goela and Abbe, ‘“Polar Codes For Broadcast
Channels,” supra, at Lemma 10].

Now if i€ H 5, then:

-H(U Uy Sp)s1-[ZUp_ 3, Sy P22

(18)
where the first inequality may follow from Proposition 3,
and the second inequality may follow from the fact the i is
in Hy,s. This completes the proof of the lemma.

B. Probability of Decoding Error

Let ¢, be the set of pairs of vectors (u,;, ¥p,,7) such that G,
may be a result of decoding y,,,, and 0,y may satisfy both
Gy, 1 Uy and 0,#u,. The block decoding error event may
be given by e=U,; ¢, Under decodlng given in (11) with
an arbitrary tle-breaklng rule, every pair (U3, ¥p,,))E¢; may

satisfy:
PzJi\U[i,I],}’[,,](”i W[z;1],)’[n])szjiwu[i,ll,}’[,,](”i@l et 13,y

] (19)

Consider the block decoding error probability

p.( f[lﬂwsﬁlfzwl]) for a frozen vector f[lﬂwsﬁl‘cqyl] For a
state vector s,,; and the encoding rule (10), each vector u,,,
may appear with probability:

M

—|Hy s NL
P U135 @ 1 410> S |2 Psfinrl.y
ieﬂv‘gﬂif/‘y

e HE,
‘EHV\S

{fi= u‘-}}.
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By the definition of conditional probability and the law of
total probability, the probability of error p,(f} 77, z,,,717) may
be given by:

Pel ey srics ) =

~|HysNL
1_[ PUiugi—11.51m) (o - 5p) |2 Pshivl
‘EHV\S

Pspy (1 )(
10 ’IIL 1

1 =u} P Vg Sy V11 | 4y S L85 Ypu) € €]
teﬂv‘sﬂLv‘y

5 As with the cost constraint, it may be assumed that the
frozen vector can be drawn uniformly, denoting its character

as a random vector by Frpcpsncgyil The expectation may be

obtained as:

20
EF”HV\SQL%Y\] Lpe] = Z St (S["])(_ 1_6[ Puilvg_1:Sp (@i | iy Spa)
e s
25 2 sl P | i O | 4> Sp > Yip) € €]
Then:
EF [pe]
[y 15121'7
30 9030 &) = |0y = PUpp |+ PUp () =
ety = Pt | + Z P Ui 1) (81>
ielyly
35 where the first inequality may follow from the triangle
inequality. Each term in the summation may be bounded by:
2 PUp vy (81 <
Z plugy, Y 1p(ai | ug-1y, Yp) < plo @ 1| -1y, Y] <
i1V
E [ Pl ® 1| uimyy, you)
Pty Y PWs | vgio1s Yin) oz LR
45 plet; | g1, Ypp)
“[i1-2p]

128
Z(U; | Uy Yu) =277

5o Where the last inequality may follow from the fact that i may

belong to the set £ ;.
To prove that

55 _pli2-¢

Ef[\ﬂmmcwu [pE(fHﬂwsﬂtcwa)] =2

it can be shown that

60

-6
”pU[n]vy[n] _qU[n]vy[n]” =2 :

It can be noticed that:

Z 1Pl Yoa1) = gLl Yl =
I} Y1)

ZHPU[”],YM ~ Y || =

o
o
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-continued

Z [P(Sta1s 1) Vi) = 9S> Ypnl> Yin))]| =

i

‘1 [n)

2

Snl-4nl-Y 1R

|P(ST]> Hpn> Yim)) = 4[> Ypn)s Vi)l =
2.0 151 = 901,01 Vgl

where the inequality may follow from the triangle inequality.
Lemma 7a now completes the proof that

_,1/2-6
E 1 =02,
sy P =OCT)

What is claimed is:
1. A method to operate a data device, the method com-
prising:

receiving a message m by the data device over a com-
munications channel, the communications channel hav-
ing a state s, and the data device including a non-
volatile memory device;

processing the message m based on the state s such that
multiple binary digits of the processed message m
represent a codeword of a block erasure-avoiding code
in which the binary digits of the processed message m

represent multiple memory cells of the non-volatile 3

memory device such that, after a value of a memory
cell is changed from a first logic value to a second logic
value, the value of the memory cell remains at the
second logic value, regardless of subsequently received
messages, until a block erasure operation on the
memory cell; and

storing the processed message m in memory cells of the
non-volatile memory device by, without performing
block erasure operations on the memory cells, changing
values of at least some of the memory cells from the
first logic value to the second logic value,

wherein the message m is defined by an expression
my 7 1z, E40,1 757 and the state s is defined by
an expression s, €{0,1}"; and

wherein processing the message m comprises:
assigning values u to the binary digits of the processed

message m according to, for each i from 1 to n:

u € {0, 1} with probability
ifi € HY,
Pui|ugi_1y:Sp @iy, sp) g "
“s i Hy 5N Lyyy) ifie Hys N Ly’

fr{i,?-{v‘sﬂLf/‘y) ifi € Hyjs N Lf/\y

calculating v;,,;=u,,G,,, where

10
G, = G®2" for G:(1 1],

and & denotes a Kronecker power; and
storing a value x,(v,, s,), for each i€[n].
2. The method as in claim 1, wherein storing the pro-
cessed message m comprises:

10

15

40

storing a vector u in the data device, where U,y yrpops
separately from x, using a linear, non-capacity-achiev-
ing polar code with a uniform input distribution.

3. The method of claim 1, further comprising:

receiving a message y over the communications channel
of the data device from the non-volatile memory
device, the message y comprising binary digits corre-
sponding to an encoded data value and comprising a
vector y[n]E{0,1}" that represents the encoded data
value with a noise term that represents error in the
communications channel;

estimating a vector U that represents the message y
decoded, wherein the vector G comprises a codeword of
a block erasure-avoiding code in which binary digits of
the message y are represented by a codeword config-
ured for representation by multiple memory cells of the
data device such that, after a value of a memory cell is
changed from logic “0” to logic “1”, the value of that
memory cell remains at logic “1”, even if a correspond-
ing stored data value is later changed; and

returning the estimated vector 0 as an estimated original
data value that corresponds to an estimated decoded
value of the encoded data value of the received mes-
sage y.

4. The method as in claim 3, wherein estimating the vector

U comprises processing the message y to assign values 1 to
the binary digits according to:

for each i from 1 to n, assign

argma)&g{oyl;pU‘-‘U[‘;l],y[n] (u] Upi-1]» y[n]) ifie ~£V\Y
ffie Ljyy NHy .

(
i

& :{. Ui Ly N )
| ifie Lyy NHys

Fisgy n2t1s)

5. The method as in claim 3, wherein returning the

estimated vector 0 comprises returning an estimated mes-
sage m[‘stﬁLay‘]wstﬁLV\Y'

6. A method to operate a data device, the method com-

40 prising:

50

55

60

receiving a message m by the data device over a com-
munications channel, the communications channel hav-
ing a state s, and the data device including a non-
volatile memory device;

processing the message m based on the state s such that
multiple binary digits of the processed message m
represent a codeword of a block erasure-avoiding code
in which the binary digits of the processed message m
represent multiple memory cells of the non-volatile
memory device such that, after a value of a memory
cell is changed from a first logic value to a second logic
value, the value of the memory cell remains at the
second logic value, regardless of subsequently received
messages, until a block erasure operation on the
memory cell; and

storing the processed message m in memory cells of the
non-volatile memory device by, without performing
block erasure operations on the memory cells, changing
values of at least some of the memory cells from the
first logic value to the second logic value,

wherein  the message m is defined by
an eXPIeSSION My vt i 1 L1160
{0,1}<0HR Loy = IHnSOLns D and he state s 15 defined i)y
an expression s, ;,E{0,11";

B

wherein processing the message m comprises processing
the message m to assign values u to the binary digits
according to:

let ug,,; ,E{0,1}" be an arbitrary vector; for each j from 1
to k, and for each i from 1 to n, assign u,, to one of:
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u €40, 1} with probability

P U1y s 1 -0 i) e His
ifie (Hys N va)\ﬂ;
ifie R

ifie Hyis N Ly

ity N Ly y b
Ui, 1Ly L

Sttty snchyhi

uij =

and
wherein processing the message m further comprises:
calculating v, where, for each j from 1 to k, v is defined
by an expression v, =u;,,,,G,, where

10
G, = G®22" for G=|{ \|
\lr 1)

and & denotes a Kronecker power; and
storing a value x; (v, ;, s, ), for each i€[n].
7. The method as in claim 6, wherein storing the pro-
cessed message m in the data device comprises:
storing a vector Uz.¢y,, < Separately using a non-capac-
ity-achieving polar code with a uniform input distribu-
tion.
8. The method as in claim 6, further comprising:
receiving a message y over the communications channel
from the non-volatile memory device, the message y
comprising binary digits corresponding to an encoded
data value and comprising a vector y[n]&{0,1}" that
represents the encoded data value with a noise term that
represents error in the communications channel;
estimating a vector U that represents the message y
decoded, wherein the vector G comprises a codeword of
a block erasure-avoiding code in which binary digits of
the message y are represented by a codeword config-
ured for representation by multiple memory cells of the
data device such that, after a value of a memory cell is
changed from logic “0” to logic “1”, the value of that
memory cell remains at logic “1”, even if a correspond-
ing stored data value is later changed; and
returning the estimated vector i as an estimated original
data value that corresponds to an estimated decoded
value of the encoded data value of the received mes-
sage y,
wherein estimating the vector 0 comprises:
letting U z, =0y, ez, 0 a0d
estimating U, 10V . pas Tpizyinzzngn, i) @ follows: for
each j down from k to 1, and for each i from 1 to n,
assign:

a)&egouput\u[‘ 1Yo @ 1152 Vi) i€ Ly
fie Ljy NHys .
ifie Ly NHys

LR, J+1

!’
=
!
|44

i Ly Py s )i

9. The method as in claim 8, further comprising returning

an  estimated  message

N Mgy ALy = B OL 1L [E]
sy p\RIA

A memory controller to control memory of a data
device having a non-volatile memory device, the memory

controller comprising:
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an interface configured to receive a message m over a
communications channel, the communications channel
having a state s; and

a processor coupled to the interface and configured to:
process the message m based on the state s such that

multiple binary digits of the message m represent a
codeword of a block erasure-avoiding code in which
the binary digits of the message m represent multiple
memory cells of the non-volatile memory device
such that, after a value of a memory cell is changed
from a first logic value to a second logic value, the
value of the memory cell remains at the second logic
value, regardless of subsequently received messages,
until a block erasure operation on the memory cell,
and
store the processed message m in memory cells of the
non-volatile memory device by, without performing
block erasure operations on the memory cells,
changing values of at least some of the memory cells
from the first logic value to the second logic value,
wherein the message m is defined by an expression
M7, L €{0,1}s" 1! and the state s is defined by
an expression s, €{0,1}"; and

wherein processing the message m comprises:

assigning values u to the binary digits of the processed
message m according to, for each 1 from 1 to n:

u €10, 1} with probability

{
{
i ifie My
{ Puilug-agSpn @ 11110 5t) "
- {i M Fy 160 Ly y ) ifieHyis N Lyy °
| .
U Histsney) fieHys O Ly

calculating v, =u,,,G,,, where

1
G, = G®%2" for G =|{ I
\lr 1)

and & denotes a Kronecker power; and
storing a value x,(v,, s,), for each iE[n].

11. The memory controller as in claim 10, wherein the
processor is further configured to store a vector u in the data
device, where U,y ynp.p» separately from x, by use of a
linear, non-capacity-achieving polar code with a uniform
input distribution.

12. The memory controller of claim 10, wherein:

the interface is further configured to receive a message y

over the communications channel from the non-volatile
memory device, the message y comprising binary digits
corresponding to an encoded data value and comprising
a vector y[n]€{0, 1}"” that represents the encoded data
value with a noise term that represents error in the
communications channel;



US 10,379,945 B2

43
the processor is further configured to:

estimate a vector Ui that represents the message y
decoded, wherein the vector i comprises a codeword
of a block erasure-avoiding code in which binary
digits of the message y are represented by a code-
word configured for representation by multiple
memory cells of the data device such that, after a
value of a memory cell is changed from logic “0” to
logic “17, the value of that memory cell remains at
logic “1”, even if a corresponding stored data value
is later changed; and

return the estimated vector 0 as an estimated original
data value that corresponds to an estimated decoded
value of the encoded data value of the received
message y.

13. The memory controller as in claim 12, wherein to
estimate the vector 1, the processor is configured to process
the message y to assign values U to the binary digits
according to:

for each i from 1 to n, assign

AEMAX, (0,11 P U |} 11 Vg Wl ugoy, ymp) i€ Lyy
Z fie Lyy NHys .

(
I

i = 4| iy 6 )
l ifie Lf/\y NHyis

Hocgyy ns)

14. The memory controller as in claim 12, wherein to
return the estimated vector 1, the processor is configured to

return an estimated message m[‘ Hp gl Ui s Ly

15. A memory controller to control memory of a data
device having a non-volatile memory device, the memory
controller comprising:

an interface configured to receive a message m over a
communications channel, the communications channel
having a state s; and

a processor coupled to the interface and configured to:

process the message m based on the state s such that
multiple binary digits of the message m represent a
codeword of a block erasure-avoiding code in which
the binary digits of the message m represent multiple
memory cells of the non-volatile memory device
such that, after a value of a memory cell is changed
from a first logic value to a second logic value, the
value of the memory cell remains at the second logic
value, regardless of subsequently received messages,
until a block erasure operation on the memory cell,
and

store the processed message m in memory cells of the
non-volatile memory device by, without performing
block erasure operations on the memory cells,
changing values of at least some of the memory cells
from the first logic value to the second logic value,

Whereln the message m is defined by an expression
E{O l}k(‘stﬁLV\}’\ |Hins" MLy 1)
Dy 21y 6Ly 1 LB NLpy 11K

and tlklf state s is defined by an expression Spa S
{0,137

wherein the processor is configured to process the mes-
sage m to assign values u to the binary digits according
to:

let u,; o&{0,1}" be an arbitrary vector; for each j from
1 to k, and for each i from 1 to n, assign u;; to one
of:
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u €10, 1} with probability .
PUifuy sy @ 1 40-05 S) fie s
Mt Hy5 M Ly y ) ifie Hys ﬁﬁvxy)\ﬂ;
ifieR

ifie Hyis N Lyy

i s NGy DL

Fryisncgy i

u‘-,jz{:
|

and
wherein to process the message m, the processor is further
configured to:
calculate v, where, for each j from 1 to k, v is defined
by an expression v, ~u,;; G,,, where

G, = G®°%2" for G =( i ?}

and & denotes a Kronecker power; and
store a value x, (v, , s, ), for each i€[n].

16. The memory controller as in claim 15, wherein the
processor is further configured to store a vector Uy enz,, <z
separately by use of a non-capacity-achieving polar code
with a uniform input distribution.

17. The memory controller as in claim 15, wherein:

the interface is further configured to receive a message y

over the communications channel of the data device

from the non-volatile memory device, the message y

comprising binary digits corresponding to an encoded

data value and comprising a vector y[n]&{0,1}" that

represents the encoded data value with a noise term that

represents error in the communications channel; and

the processor is further configured to:

estimate a vector Ui that represents the message y
decoded, wherein the vector i comprises a codeword
of a block erasure-avoiding code in which binary
digits of the message y are represented by a code-
word configured for representation by multiple
memory cells of the data device such that, after a
value of a memory cell is changed from logic “0” to
logic “17, the value of that memory cell remains at
logic “1”, even if a corresponding stored data value
is later changed; and

return the estimated vector 0 as an estimated original
data value that corresponds to an estimated decoded
value of the encoded data value of the received
message y;

wherein to estimate the vector 10, the processor is config-

ured to:

let G uR’KHﬂJLV‘Y s and

estimate u[n] [k](y[n] [ f[‘LW A\ Engll, [k]) as follows: for
each j down from k to 1, and for each i from 1 to n,

assign:
[Aema oy Pusjuy;_yy. vy ¢ N Hi-1150 Yimi) HEE Ly
!I iR, j+1 lfle~£vw ﬁ'}{\c/\s .
lf Ly NHyis )i fie Ly s

18. The memory controller as in claim 17, wherein
the processor is configured to return an estimated mess-

AZ€ My 7, "Lyl 1S N Ly LI NEHnsOInp)\R[E]
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19. A data device, comprising:
a non-volatile memory device configured to store data
values; and
a memory controller that is coupled to the non-volatile
memory device and is configured to:
receive a message m over a communications channel,
the communications channel having a state s;
process the message m based on the state s such that
multiple binary digits of the processed message m
represent a codeword of a block erasure-avoiding
code in which the binary digits of the processed
message m represent multiple memory cells of the
non-volatile memory device such that, after a value
of' a memory cell is changed from a first logic value
to a second logic value, the value of the memory cell
remains at the second logic value, regardless of
subsequently received messages, until a block era-
sure operation on the memory cell; and
store the processed message m in memory cells of the
non-volatile memory device by, without performing
block erasure operations on the memory cells,
changing values of at least some of the memory cells
from the first logic value to the second logic value,
wherein the message m is defined by an expression
M7, L €{0,1}#7s"Enrt and the state s is defined by
an expression s, €{0,1}"; and
wherein processing the message m comprises:
assigning values u to the binary digits of the processed
message m according to, for each i from 1 to n:

u €10, 1} with probability
ifie Hy,
Puu 1y @1 401 S00) "
ifieHys N Lyy’

ifieHyis N Lyy

Mti Hy s Ly y )

'l

f'(ivﬂvxsﬂif/\y)

calculating v;,,;=u,,,G,,, where

10
G, = GO for G=|{ \u
\lr 1)

and & denotes a Kronecker power; and
storing a value x,(v,, s,), for each iE[n].

20. The data device as in claim 19, wherein to store the
processed message m, the memory controller is configured
to:

store a vector u in the data device, where U pyrmers

separately from x, by use of a linear, non-capacity-
achieving polar code with a uniform input distribution.

21. The data device of claim 19, wherein:

the memory controller is configured to receive a message

y over the communications channel from the non-
volatile memory device, the message y comprising
binary digits corresponding to an encoded data value
and comprising a vector y[n]E{0, 1} that represents
the encoded data value with a noise term that represents
error in the communications channel; and

the data device further comprises a processor coupled to

the non-volatile memory device and configured to:

estimate a vector Ui that represents the message y
decoded, wherein the vector i comprises a codeword
of a block erasure-avoiding code in which binary
digits of the message y are represented by a code-
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word configured for representation by multiple
memory cells of the data device such that, after a
value of a memory cell is changed from logic “0” to
logic “17, the value of that memory cell remains at
logic “1”, even if a corresponding stored data value
is later changed; and

return the estimated vector 0 as an estimated original
data value that corresponds to an estimated decoded
value of the encoded data value of the received
message y.

22. The data device as in claim 21, wherein to estimate the
vector U, the processor is configured to process the message
y to assign values 1 to the binary digits according to:

for each i from 1 to n, assign:

AUYMAR 10,11 P Ui Uy ¥ gy (uluiays Y i€ Lyy
ifie Lyy NHys .
ifie Lyy NHys

Ui £y N7655)

{
!
!
'\f'("vif/\y NHy,s)

23. The data device as in claim 21, wherein to return the
estimated vector 1, the processor is configured to return an
estimated message m[‘ g LV‘Y‘]mHV‘Sﬁ Loy

24. A data device, comprising:

a non-volatile memory device configured to store data

values; and

a memory controller that is coupled to the non-volatile

memory device and is configured to:

receive a message m over a communications channel,
the communications channel having a state s;

process the message m based on the state s such that
multiple binary digits of the processed message m
represent a codeword of a block erasure-avoiding
code in which the binary digits of the processed
message m represent multiple memory cells of the
non-volatile memory device such that, after a value
of' a memory cell is changed from a first logic value
to a second logic value, the value of the memory cell
remains at the second logic value, regardless of
subsequently received messages, until a block era-
sure operation on the memory cell; and

store the processed message m in memory cells of the
non-volatile memory device by, without performing
block erasure operations on the memory cells,
changing values of at least some of the memory cells
from the first logic value to the second logic value,

wherein  the message  m is  defined by

oy e G

an expression sp,; ;;1€{0,1}"; and

wherein to process the message m, the memory controller

is configured to process the message m to assign values
u to the binary digits according to:

let ug,,; ,E{0,1}" be an arbitrary vector; for each j from 1

to k, and for each i from 1 to n, assign u,, to one of:

u €10, 1} with probability . .
PUifug_y sy @ 1400 S) e My
Mt Hy5 M Ly y ) ifie Hys NLyw\R,
ifieR

ifie Hyis N Lyy

i s NGy DL

{
!
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calculate v, where, for each j from 1 to k, v is defined by
an expression vy, =u;, G, where

G, = G®°%2" for G =( i ?}

and ® denotes a Kronecker power; and

store a value x, (v, , s, ), for each i€[n].

25. The data device as in claim 24, wherein to store the
processed message m in the data device, the memory con-
troller is configured to:

store a vector Ugenz, ¢, separately by use of a non-

capacity-achieving polar code with a uniform input
distribution.

26. The data device as in claim 24, wherein:

the memory controller is configured to receive a message

y over the communications channel from the non-
volatile memory device, the message y comprising
binary digits corresponding to an encoded data value
and comprising a vector y[n]E{0, 1} that represents
the encoded data value with a noise term that represents
error in the communications channel; and

the data device further comprises a processor coupled to

the non-volatile memory device and configured to:

estimate a vector Ui that represents the message y
decoded, wherein the vector i comprises a codeword
of a block erasure-avoiding code in which binary
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digits of the message y are represented by a code-
word configured for representation by multiple
memory cells of the data device such that, after a
value of a memory cell is changed from logic “0” to
logic “17, the value of that memory cell remains at
logic “1”, even if a corresponding stored data value
is later changed; and

return the estimated vector 0 as an estimated original
data value that corresponds to an estimated decoded
value of the encoded data value of the received
message y; and

the processor is configured to:

let .ﬁR,K+1A:ﬁLV\yCﬁHV\sCsk; and

estimate Up,y (Y, pags L (s [£1) as follows: for
each j down from k to 1, and for each i from 1 to n,

assign:
i( SNAX10,0) P |uge_ g, @ 1 #1005 Y0n.) i€ Loy
:{ﬁr( R).j+1 ifie L5y NHs .
I .
lf A LGy Py )i ifie Ly NHyis
27. The data device as in claim 26, wherein

the processor is configured to return an estimated mess-
A2C My 7y L= L H SNy 1K Y E L p)\RA K]
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